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The Probability of KZ Ionization and X-Ray Satellites 
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A theory of the multiple ionizations produced by a 
fast cathode electron in the target of an x-ray tube is 
developed, based on the Born approximation of collision 
theory. The effective cross section for 1s2s ionization of 
potassium by an incident electron having five times the 
energy required for K-ionization or 1s-ionization of potas- 
sium, and the distribution of energy and of angular 
momentum among the three electrons after collision is 


HE weak “‘satellite” lines of x-ray spectra 

require for their explanation transitions 
between doubly ionized states of the atom, and 
at the present time there are two theories con- 
cerning the nature of these transitions. The 
older theory' assumes that both the ionizations 
occur in interior shells of electrons, and that in 
the transition only one electron of the atom 
changes its quantum numbers, or “jumps.” 
The absence of the second electron modifies the 
energies of, and increases the multiplicities of the 
initial and final states in such a way that several 
satellites should be found on the short wave- 
length side of the diagram line produced by the 
corresponding transition between singly ionized 
states. The other theory? assumes that the initial 
doubly ionized state is of the somewhat more 
probable type in which one of the ionizations 
occurs in an inner electron shell, and the other 
in a shell not far below the outermost filled shell 
of the atom; and that in the transition two 


1M. J. Druyvesteyn, Zeits. f. Physik 43, 707 (1927). 
2 F. K. Richtmyer, J. Frank. Inst. 208, 325 (1929). 


shown in detail. The probability of 1s2 ionization is also 
estimated roughly by the same method, and the two taken 
together are shown to be roughly in agreement with the 
experimental value of the integrated satellite intensity 
for Ka of potassium. The predicted variation of the rela- 
tive intensity with atomic number is also shown to be in 
rough agreement with experiment. 


electrons jump simultaneously into the two 
vacant places. Since in this case the coupling 
between the electrons is not enough greatly to 
alter the energy levels, the frequency of the 
satellite should be equal to the sum of the fre- 
quencies of the two transitions taken separately. 

It seems evident that according to con- 
temporary quantum theory both these proposed 
mechanisms must produce satellite lines, al- 
though some or all of the lines produced by 
either may be far too weak to observe. The wave- 
lengths as predicted by either theory*® agree 
roughly with experiment, but it is not possible 
to predict wave-lengths with sufficient accuracy 
to decide between the two theories by this means 
alone. Ramberg‘ and Bloch® have estimated the 
intensities as predicted by the double jump 
theory, and it seems likely that some, at least, 





3 See Druyvesteyn, reference 1, H. C. Wolfe, Phys. Rev. 
43, 221 (1933), and Ramberg and Kennard, Phys. Rev. 
46, 1040 (1934) for the single jump theory, and Richtmyer 
reference 2 for the double-jump theory. 

‘*E. Ramberg, Phys. Rev. 45, 389 (1934). 

°F, Bloch, Phys. Rev. 48, 187 (1935). 
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of the lines are produced by double jumps. In 
this paper I consider intensities as predicted by 
the single jump theory. In 1927 Druyvesteyn! 
gave a rather crude semiclassical treatment of 
this problem, but since then nothing has been 
done with it. 

The numbers of singly- and multiply-ionized 
atoms in the target are dependent upon the 
effective collision cross sections for single and 
multiple ionizations of an atom by a fast cathode 
electron, and for computing these cross sections 
we use the Born approximation of collision 
theory. Call the momentum vector (in atomic 
units) of the incident cathode electron ko. Then 
the cross section for collisions in which the atom 
is excited from the ground state to the mth 
state is 


Rn 
$,=——_ | J Von(ro)e* €o-**)-¥ od 79 | w(K.) (1) 


4r*ky 


with 
Voa(rs) = f ¥.4(r)) UC r)Wo(rsdr;. (2) 


k, is the momentum vector of the cathode 
electron after the atom has been excited; its 
magnitude is given by k,=(ko?—2E,)! where 
E,, is the energy of excitation of the atom, and 
its direction is the variable of integration w(k,) 
in (1). ro refers to the three coordinates of the 
cathode electron; 7; (in which j=1, 2, 3, ---, N) 
refers to the coordinates of the N atomic elec- 
trons; dr) means integration over all space with 
respect to the coordinates of the cathode elec- 
tron; and dr; means N-fold integration over all 
space with respect to the coordinates of the 
atomic electrons. The capital psi’s are the com- 
plete atomic wave functions for the ground 
state and the mth excited state of the atom. 
U(ro, rj) is the energy of interaction of the 
cathode electron with the atom. The outside 
integration in (1) is to be extended over the 
entire solid angle; that is, over all directions of 
scattering. 

Let the excited state be a doubly ionized state 
in which a K electron and an L, electron have 
been removed to “hyperbolic orbits’? denoted 
by the quantum numbers &,, /;, m, and ke, ls, me, 
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and represented by wave functions yx,i,m, and 
Wk, tym,- We use N-rowed determinants of one- 
electron functions for Vo and ¥,, and if we retain 
only the first order of small quantities, we get 


Von -{f {W*kitimi (71) P*k2lame(r2) 


— W* ey lym (ro) P*koleme(71) } 
*(1/roit+1/ro2) ¢i(r1) ¢2(%2)dridre (3) 


in which g; and ¢g2 are the K and L wave func- 
tions, respectively, in the normal atom, 7 
=|ro—r,|, and roee=|ro—Te!|. It is to be noted 
that the g’s are not quite orthogonal to the y’s, 
because the removal of each electron from the 
atom alters the field in which the other one 
moves. However, ¢: will be much more nearly 
orthogonal to the y’s than will ge, and so we 
shall drop terms in 1/7 9. 

This Vo, is to be substituted into expression 
(1). We introduce the quantity q=|k)—k,|, 
which is the magnitude of the change of mo- 
mentum experienced by the cathode electron. 
We write the wave functions explicitly in terms 
of their angular and radial parts as 


Virm= Y1"(6, 9) Ser(r) ; 
gi=Si(r)/(4r)!;  g2=Se2(r)/(40)! 


(4) 


in which Y," is a normalized spherical surface 
harmonic, the S’s are solutions of Hartree’s 
equations, and the continuous state functions 
S;i(r) are normalized so as to represent one 
particle per unit range of the momentum &. 
We then expand everything in sight in terms of 
spherical harmonics and Bessel functions, and 
boil down the result until we obtain 


kotkn d 


167° q 
&,= f { Ok2Zk:0(q) — Ox: Tk20(q) } 
ko? ko—kn q* 


for /;=0,l2=0 (5a) 





akotkn 


3273 
&,=——(h+4)0n" | 
ko-kn 
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0 


dq 
(Zein(g) ?— 
q* 


for 1,+0, 1,=0 (5b) 
@,=0 for /.+0. (5c) 


In these equations, O, and J;.(qg) have the 
following meanings: 
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PROBABILITY 
O; = { Vwes(2)dr = f Sko(r)Se(r)r’dr, (6) 
0 


1 @ 
ul) =—— f Sii(r)Si(r)Siga(qryridr. (7) 
(4)! 


Eq. (5c) shows that to our degree of approxima- 
tion the L, electron can be expelled only to 
states of zero angular momentum. The differ- 
ence in appearance between (5a) and (5b) is 
due to an exchange effect between the two 
expelled electrons, which can take place only if 
the K electron is also expelled to a state of zero 
angular momentum. Exchange between the 
cathode electron and the atomic electrons is 
less important and has been neglected entirely. 

In order, finally, to obtain the effective cross 
section for double ionization of the type in 
question (e.g., KZ,), the partial cross section 
as given by (5) must be integrated over all 
possible final states of the atom, that is over 
all possible hyperbolic orbits of the two expelled 
electrons. This requires a summation over /,, 
and integrations in k; and ke. The energetically 
possible final states will be given by the re- 
lations 


ki?/2+ke?/2< ko?/2—W—-W1, 
ki>0, ke>0. 


(8) 


These relations are approximate in that they 
assume that none of the three electrons involved 
stops in an optical orbit, but that all of them 
end up in states of positive energy. The relations 
require an integration of (5) over a 90° circle- 
sector in the k;~—ke plane. In the special case of 
1,=0 only half of this sector is to be used, be- 
cause of the symmetry properties of the wave 
functions. Otherwise the final states would be 
counted twice. 

A completely numerical evaluation of the 
double-ionization cross section by this method 
would seem to be out of the question. One would 
have to obtain numerical solutions S;,(r) of 
Hartree’s equation, then obtain the integrals 
O; and I;:(qg) by numerical integration, and then 
carry out the summation in /, and the integra- 
tions in gq, ki, and ke also numerically. One can 
approximate by taking the wave functions to be 
hydrogen-like functions, either corrected for ex- 
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ternal and internal screening, or uncorrected. 
Even then the amount of numerical work would 
be prohibitive, for one must still carry out the 
summation and the last three integrations nu- 
merically. We can further approximate, however, 
by replacing the product S,S;,; by a function of 
simpler analytic form, but which is approxi- 
mately equal to this product. Such a function 
must vary as r' for small r, rise to a maximum for 
larger r, then become negative and have a much 
less pronounced minimum for still larger r, and 
after that be practically zero. Only the first 
maximum and first minimum of S;; need be 
represented, because of the exponentially de- 
creasing behavior of .S;. A function of the desired 
form, and which enables us to carry out the 
integration in g analytically is 


S, Sir = (44) (ar! —br'**)e-?”, (9) 


The adjustable constants a, b, and » must be 
determined as functions of &; and /;. For this 
purpose we suppose that the actual wave func- 
tions S;; are solutions of the Schrédinger equa- 
tion for a field of the form 


} Vo—Z/r for riry (=Z, Vo) 
V(r) = (10) 
(Y 


for r> fro. 


The solutions are hydrogen-like for small r, and 
essentially Bessel functions for larger r. The 
smooth joining at r=ry was carried out for 
energies greater than V» by means of the 
Wentzel-Kramers-Brillouin method. For small k 
the energies are less than V» and thus fall in a 
region which would be occupied by discrete 
levels if the Coulomb part of the field (10) were 
carried on out to infinity. For this case the 
smooth joining was carried out by means of 
some tables kindly supplied me by Professors 
Morse and Allis and which they had calculated 
in connection with their theory of the Ramsauer 
effect. V» and Z of the field (10) are chosen to 
make this field fit the actual atomic field in the 
neighborhood of the K shell,* and the K wave 
function S, is taken to be hydrogen-like with 
this same value of Z. Lastly a, b, and p are 
chosen so as to make the function (9) as nearly 
as possible equal to the product 5S,S,). The 
method by which this was actually done is 


® For potassium, Z = 18.5, Vo=37, ro=0.50; atomic. units. 
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largely empirical, and since it is of no theoretical 
interest, it will not be described here.” The result 
is a set of graphs of a, b, and p as functions of k 
for various values of /. I believe that the fit is 
fully as good as the use of the Born approxima- 
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tion warrants. We now substitute (9) into (7), 
and put the resulting expression for J,,(q) into 
(Sa) and (5b). In place of the integration 
variable q we introduce a new one given by 
x=q'/2p*, and we obtain 














mr? 7“ = [Oke(Ak0+xBk10) —Or1(Ak20+xBe20) |? 
= f e7= —dx for 1,=0, (11a) 
2Ro* ul x? 
m(1i+3) e@ 
»=— —f e*x—*[ One(Akint+xBeyt;) dx for 1,+0, (11b) 
ko?2" Yur 
in which more from a hydrogen-like wave function than 
a  b(1-+(3/2)) b os = wove og lee Roose 
lao 4-~ —; By=——. (12) although we may use hydrogen-like wave func- 
pi+4 pi 2pits tions in connection with Jx:(q), we cannot do so 


The integrals of (11) can be evaluated in terms 
of the exponential function and the exponential 
integral. The integration limits u; and “2 depend 
on both &; and k and are given by 

(Ro aad kn)? 


uy = , a—=———. (15) 
2p* 2p* 





k,, the final momentum of the cathode electron, 
is given by conservation of energy as 


kn=(ko?—ki?—kho?-—2Wk—-2W1)! (14) 


in which Wx and W, are the K and L ionization 
energies, respectively. 

The calculation of the integrals O, occurring 
in Eqs. (5) is by far the most important part of 
the work when the relative probability of double 
ionization is desired, since it is chiefly this 
factor which is responsible for the difference 
between the formulas for single ionization and 
for double ionization. In fact it can be shown 
that the relative probability can be roughly 
obtained from this quantity alone by integrating 
O;? from k=0 to k=infinity. The other factors of 
(5) serve merely to give a variable weight to 
the various parts of this integration. O; is to be 
contrasted with the integral J,,(q) in that it 
involves the L wave function of the atom while 
the latter involves the K wave function. For an 
actual atom the Z wave function differs much 


7 It is described in complete detail in the writer’s M.I.T. 
Doctor's thesis, 1935. 


with O,. The result of doing so depends in so 
sensitive a way on the effective nuclear charge 
and screening constant of the hydrogen-like 
functions that it seems best to use Hartree wave 
functions even in an approximate theory. The 
functions Syo and S2 of Eq. (6) were obtained by 
numerical solution of Hartree’s equation, and 
then the integral O;, was obtained by numerical 
integration. This was carried out for the case of 
KL, ionization of potassium. S2 is just the 2s 
wave function as tabulated by Hartree, and the 
functions So are positive-energy solutions of 
Hartree’s equation for a potassium atom which 
has been ionized in the K and L, shells. The 
results were checked by means of the identity 

aco 1 =) 

i] SxoSedr =——— }  SiodVSedr (15) 

0 Wro — We 0 

in which 6V is the difference of the potential 
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Fic. 1. The integral O, for potassium. Curve A, com- 
puted by means of Hartree wave functions; curves Band C, 
computed by means of screened hydrogen-like wave 
functions. The energy is given in atomic units. 
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Fic. 2. Altitude charts of the partial cross section ®,, as a function of k and ks for various 
values of /;. ®, is zero along the k» axis and the circumference of the sector in charts b, c, d, and e, 
and along the 45° line and the circumference in chart a. Along the various curves it has the value 
indicated at the bottoms of the charts, multiplied by the proper power of 10. 


functions for the normal and for the K-ionized 
atoms, W, is the energy parameter (a negative 
number) for the 2s wave function, and Wyo is 
the energy parameter (a positive number) for 
the function So. For large values of k, or of 
energy, the numerical solution of Hartree’s equa- 
tion becomes increasingly difficult because of the 
rapid oscillations of the function Syo, and a 
resort is had to hydrogen-like functions. For 
this purpose we use a screened Coulomb field of 
the type (10), choosing the constants V» and Z 
so as to fit the Hartree field near the L shell.* 
5V, which is the potential of a K electron in the 
atom, we take equal to —6/r, where @ is a 
constant, not far from unity, to be chosen by 
fitting the results onto the more accurate calcu- 
lations of O, with Hartree functions in the 
range of k for which both methods can be used. 
The results are shown in Fig. 1. In order to 
obtain a smooth joining of the two methods of 
calculation in the range k?/2 equal to about 70 
to 100 atomic units, it was necessary to take 
6=0.65. 

The results of the calculation with Eqs. (5) 
are shown in Fig. 2, consisting of altitude charts 
of the partial cross section ®, as a function of 
k, and ke, for various values of ];. It is seen that 
the most important contribution to the total 


8 This gives Z=13.1, Vo=10.2, ro=1.28; atomic units. 


cross section will come from /,;=1, and for rather 
small values of the kinetic energy of the expelled 
electrons. The incident energy of the cathode 
electron was taken for the calculations to be 
five times the K ionization energy of potassium, 
or 665 atomic units. This value was chosen to 
make possible comparison with the experimental 
work of Mrs. Pearsall, who used a tube voltage 
of five times the K excitation voltage. 

The functions of Fig. 2 were integrated in 
polar coordinates over the 90° circle sectors, by 
using Simpson’s rule, integrating first with re- 
spect to the angular coordinate, and then with 
respect to the radial coordinate. The results are 
added together to give a total double ionization 
cross section of 1.1210-7 atomic unit, or 0.29 
percent of the K cross section as determined by 
the same method. The analogous calculation for 
the Kly, mu cross section was not actually 
carried out, but the result can be easily esti- 
mated, and is slightly less, per electron, than the 
KL, cross section. If we remember that there are 
two® L, electrons and six Ly, m electrons in 


® Strictly speaking the two Ly electrons must be treated 
differently. We have tacitly assumed that the Ly electron 
has the same direction of spin as the K electron. For the 
other Ly electron this is not true and the exchange effect 
which we found for /;=0 will be missing. However, since 
the contribution of /;=0 to the total cross section is small, 
the two Ly electrons have practically the same chance of 
being expelled. 
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the atom, we conclude that the number of KL 
ionized atoms of the target is about 2.0 percent 
of the number of K ionized atoms. This number 
can be directly compared with experiments on 
the relative intensity of satellites after dis- 
cussing the transition probabilities. 

The intensity of a given line is proportional 
to the number of atoms of the x-ray target in 
the initial state and to the transition probability 
for the given line. It is with the former quantity 
that this paper deals primarily, but the transition 
probabilities must of course also be considered. 
The way in which they enter in can best be 
understood by considering the following example : 


Parent lines (1s) 2S1;2—(2p) *P 3/2, 1/2 
Satellites (152s) 4S °S,;—+(2p2s) 'P, *Pore. 


The electron configurations represent electrons 
missing from completed shells. There are two 
parent lines (the Ka doublet) and six satellites 
(including intercombination lines) allowed by 
the selection rules. The transition probability for 
a line is given by a constant numerical factor 
times the cube of the frequency times the squared 
modulus of the matrix element of the electric 
moment. These matrix elements are rather com- 
plicated, since the wave functions for the initial 
and final states are linear combinations of de- 
terminants of one-electron functions. But the 
available experimental data deal with the in- 
tegrated intensity of the whole satellite structure, 
and it is possible to show that the sum of the 
satellite intensities for transitions (1s2s) to (2p2s) 
is in the same ratio to the sum of the parent line 
intensities as the total number of atoms in the 
initial configuration (1s2s) to the total number 
in (1s). In other words the presence or absence 
of the 2s electron does not affect the total 
probability that a 2 electron will drop into a 
vacancy in the 1s shell. This neglects the varia- 
tion of the frequency-cubed factor from line to 
line and assumes that the one-electron wave 
functions for the 1s and 2p electrons are the 
same in the configurations (1s) and (2) as in 
the configurations (1s2s) and (22s). 

The general case of this theorem or sum-rule 
will now be stated, and is true to the same degree 
of approximation as the special case discussed 
above. A and B are the initial and final con- 
figurations for the parent lines. The configuration 
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AC differs from A only in the addition or 
omission of certain electrons and the configura- 
tion BC differs from B only in the addition or 
omission of the same electrons. We consider those 
satellite lines which are due to transitions from 
AC to BC. 

Parent lines A-—B 

Satellites AC—BC. 


If the total number of atoms of the target in 
states of configuration A is the same as the total 
number of atoms of the target in states of AC, 
then the sum of the intensities of the parents is 
equal to the sum of the intensities of the 
satellites. 

The final theoretical prediction which we make 
is then that if all the satellites of Ka are due to 
KL ionization, the integrated intensity of the 
satellites of Ka should be 2.0 percent of the sum 
of the intensities of Ka; and Kae, when the tube 
voltage is five times the K excitation voltage. 
Strictly speaking this assumes a thin target, but 
we hope that the correction for the use of a thick 
target will not be very great; and we compare 
our result with the experimental result of Mrs. 
Pearsall,’ who found a relative intensity of 
3.0 percent, for all of the satellites of Ka of 
potassium taken together and referred to the 
total intensity of the parent doublet Ka. The 
agreement is not as good as we might wish, but 
would seem to show conclusively that some, at 
least, of the satellites are produced by single 
transitions in KL ionized atoms. There is reason 
to believe that the Born approximation should 
give a slightly low result in this case, and some 
of the satellites may be due to other double and 
multiple ionizations such as KL’, KM, etc., so 
that it seems not impossible that all the satellites 
are in this case to be explained by the single 
jump theory. 

Having obtained the absolute value of the 
relative intensity, for one element, we can easily 
extend our results to neighboring elements by 
observing that according to our equations the 
result should vary roughly as the inverse cube of 
the effective nuclear charge near the L shell. 
This would be exactly the case if we used 
hydrogen-like wave functions throughout, and 
neglected external screening, thus setting V»=0 


1 Anna W. Pearsall, Phys. Rev. 48, 133 (1935). 
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Fic. 3. The relative intensity of the Ka satellites as a 
function of atomic number Z. R=integrated intensity of 
the satellites divided by the intensity of Ka. The circles 
are the experimental data of Mrs. Pearsall,!° and the solid 
line gives the theoretical curve. 


for both the K and L shells, and if we assumed a 
constant ratio between the effective nuclear 
charges near the K shell and near the L shell. 
In Fig. 3, therefore, we have compared the experi- 
mental values of relative intensity with the 
function C/(Z—c)’, in which o is an internal 
screening constant which is practically inde- 
pendent of atomic number, and C is determined 
by our computation for potassium. The screening 
constant o has the value 19—13 or 6 for po- 
tassium according to our method of determining 
it by fitting the Hartree potential to a screened 
Coulomb potential near the L shell. Other ways 
of estimating this screening constant give a 
somewhat lower value. Slater’s value," as de- 
termined by fitting actual wave functions, is 3. 
We have compromised, and taken ¢=4.5. The 
agreement between the experimental points and 
the theoretical curve is seen to be quite satis- 
factory, although the theory gives consistently 
slightly low values. 

We can derive from our equations a greatly 
simplified formula for the relative probability of 
double ionization in one limiting case, and by 
means of this simplification show the connection 
between our theory and a formula which has 
already been used by Bloch (p. 192) for rough 
calculation of double ionization probabilities. 
If we were to compute the cross section for 
removing electron number one alone by the 
method followed in this paper for the double 


uJ. C. Slater, “Analytic Atomic Wave Functions,” 


Phys. Rev. 42, 33 (1932). 
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ionization, we should arrive at equations very 
similar to (11a) and (11b), but differing from 
those in the following respects: the exchange 
effect for /,=0 is of course missing; the integral 
O; is missing throughout; and the integration 
limits u, and we are slightly different, due to a 
difference in Eq. (14). The limiting case we 
consider is that in which one of the electrons to 
be removed lies much deeper in the atom than 
does the other. In this case we need consider only 
a limited range of values of ke—a range limited 
by the condition that k,*/2 must be of the order 
of magnitude of the ionization energy of the 
outer electron, and therefore by hypothesis small 
compared to the ionization energy of the inner 
electron. This limitation of the range of ke 
comes from the nature of the function O; of 
Fig. 1. This quantity involves the wave function 
S» of the outer electron in the normal atom, and 
has the property that it rapidly approaches zero 
as the energy k,*/2 is made large compared to 
the ionization energy of this outer electron. 
When the range of 2 is limited in this way, the 
only difference between (11b) and the corre- 
sponding equation for single ionization is the 
presence of the factor O;,?, so that after inte- 
grating over all possible final states in each case, 


we get 
. . . . la ed 
double ionization cross section ‘ ‘ , 
ee ee — =] O,*dk. (16) 
single ionization cross section 0 


In order to get this result we have to consider 
Eq. (11a) a little further, because of the exchange 
effect which is present for the double ionization 
but not for the single ionization and which leads 
to cross product terms in the integrand of (11a) 
for double ionization but not for single ioniza- 
tion. However both Ax,» and B,,o are practically 
zero for small values of k;, and therefore the 
cross product terms are negligible in our limiting 
case, and Eq. (16) is established. In the case of 
KL ionization Eq. (16) gives a value which is 
about 25 percent too high as judged by our 
more exact calculation, but for KM and KN 
ionizations, etc., it should be much better. 

The functions Yoo of (6) form a part of a 
complete orthogonal set. If we summed O,2 over 
all the members of this set, we should have, by a 
theorem in the theory of orthogonal functions, 
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just {| ¢2|\*dr or unity. The integral in & of 
(16) is a summation of O,2 over some of these 
functions, and therefore equal to unity minus 
the summation over the rest of the functions, 
which are just the ones occupied by electrons in 
the atom, so that 


double ionization cross section 


single ionization cross section 


- i- | S'v2* godt 2 > | S'Wntm* godt |? (17) 
es Sa 


m 


in which the summation is to be extended over 
all the electrons of the atom except electrons 
numbers 1 and 2 themselves. This formula, 
with the summation missing, is the one which 
was used by Bloch in his “order of magnitude” 
calculations connected with the double-jump 
theory of satellites. The summation would prob- 
ably be quite important in quantitative work. 
The author wishes to express his gratitude to 
Professor Philip M. Morse of Massachusetts 
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ance and many valuable suggestions received 
from him during the course of this investigation. 


Note added in proof: Dr. L. G. Parratt of Cornell Uni- 
versity has kindly sent the writer some unpublished data 
of his on the relative intensities of the satellites of Ka. 
These were taken with a two-crystal spectrometer and an 
ionization chamber. They are more accurate than the data 
of Mrs. Pearsall, and cover a wider range of atomic num- 
bers. When plotted on the graph of Fig. 3, the points so 
determined are somewhat closer to the theoretical curve, 
but still slightly above it. However, Parratt’s experiments 
are so much better than my theory, that a more detailed 
comparison at this time is not worth while. 

Since the manuscript was submitted for publication, the 
writer has had the privilege of discussing the subject on 
several occasions with Professor J. R. Oppenheimer. 
Professor Oppenheimer suggests that the interaction of the 
two expelled electrons may be of more importance than one 
might perhaps think at first. This interaction was of course 
entirely neglected in the theory, since Hartree wave func- 
tions were used for the doubly ionized state of the atom. 
This point cannot be quantitatively investigated until 
further calculations are made. 
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An Apparent Failure of the Photon Theory of Scattering 


ROBERT S, SHANKLAND, Ryerson Physical Laboratory, The University of Chicago 
(Received November 1, 1935) 


A test has been made of the photon theory of the scatter- 
ing of high frequency radiation. The pairs of scattered 
photons and recoil electrons predicted by this theory have 
been looked for by means of specially designed Geiger- 
Miiller counters. Coincident discharges in the electron 
and photon counters were recorded by means of a vacuum 
tube amplifying and adding circuit. The scatterers used 
were air, aluminum, beryllium, filter paper and paraffin. 
The radiation was the gamma-rays from radium C. Experi- 
ments were performed with the counters set at various 
angles, some where the photon theory predicts coincidences, 
and others where coincidences should not be expected. 
The experiments uniformly gave fewer coincidences in the 


INTRODUCTION 


HE discovery of the change in wave-length 
of x-rays when scattered by loosely bound 
electrons led A. H. Compton! to develop a 
photon theory based on the concept of light 


1A. H. Compton, Phys. Rev. 21, 483 (1923). 


correct positions than were expected, and those observed 
could in every case be accounted for as chance coincidences 
due to the finite resolving time of the apparatus. It has 
not been found possible to bring the results of these 
experiments into accord with the photon theory of scatter- 
ing. The wave-mechanical theory of the scattering process 
has not yet been extended to include the gamma-ray 
region so that it is impossible to compare this theory with 
the present experiments. Unless it is shown that the two 
theories disagree in the gamma-ray region it does not seem 
possible to reconcile the present experiment with the 
Bothe-Geiger and Compton-Simon experiments, 


quanta to account for this phenomenon. This 
theory accounted for the interaction between 
radiation and matter by picturing the process as 
a mechanical collision between a light corpuscle 
and an electron which obeyed the laws of 
conservation of energy and momentum. At about 
the same time a virtual radiation theory was 


. 
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proposed by Bohr, Kramers and Slater.? This 
theory also accounted for the change in wave- 
length of the scattered radiation, and for the 
production of recoil electrons, which had been 
predicted by the photon theory and observed in 
the cloud expansion experiments of C. T. R. 
Wilson’ and W. Bothe.* 

It was evident, however, that the photon 
theory predicted four other phenomena, at that 
time unobserved, which the virtual radiation 
theory did not require. First, the recoil electron 
should appear at the same instant of time that 
the photon of radiation was scattered. Second, 
there should be a definite angular relationship 
between the direction in which the recoil electron 
is ejected and the direction in which the scattered 
photon travels away. Third, the momentum 
vectors of the incident photon, the scattered 
photon, and the recoil electron should be 
coplanar. Fourth, as a corollary of the second and 
third points, the momenta of the recoil electrons 
should be statistically distributed in magnitude 
and direction according to the angular distribu- 
tion of the scattered photons. 

More recently Wentzel® has discussed the 
problem by the methods of wave mechanics and 
obtained results for the ordinary x-ray region 
that agree in general with the older photon 
theory, but with a less definite physical picture of 
the scattering process. According to this theory 
there is a high probability that the scattered 
photon and the recoil electron will travel in the 
directions required by the photon theory so that 
both energy and momentum will be conserved. 
For an initially free electron this probability 
approaches unity in agreement with the older 
theory. The wave-mechanical theory does not 
require exact time coincidence between the 
appearance of the scattered photon and recoil 
electron since the motion of these corpuscles is 
determined by probability laws. However, the 
probable value of the time difference would be so 
small that it could hardly be experimentally 
detected. 

The diverse predictions of these theories can 
only be cleared up by an appeal to experiment. 


? N. Bohr, H. A. Kramers and J. C. Slater, Phil. Mag. 47) 
785 (1924). 

$C. T. R. Wilson, Proc. Roy. Soc. A104, 1 (1923). 

‘W. Bothe, Zeits. f. Physik 16, 319 (1923). 

5G. Wentzel, Zeits. f. Physik 43, 1 (1927). 
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PREVIOUS EXPERIMENTS 


Experiments designed to test the predictions of 
the theories were soon reported. The angular 
distribution of the recoil electrons was definitely 
established as being in statistical agreement with 
the photon theory by the cloud expansion 
experiments of Compton and Simon.® Further 
experiments by these investigators were carried 
out to determine whether the predictions of this 
theory were realized in the individual scattering 
events as well.’ Within the rather large experi- 
mental uncertainties inherent in this type of 
experiment there was apparently an exact indi- 
vidual relationship between the angles as re- 
quired by the photon theory. 

At about the same time Bothe and Geiger® 
performed an experiment which was designed to 
determine if the recoil electron and scattered 
photon appear simultaneously. The primary 
radiation was supplied by an x-ray tube operated 
at 70 kv. Hydrogen was used to scatter the 
radiation, and point counters to record the 
coincidences. Under normal operating conditions 
with this apparatus the recoil electron counter 
discharged at the rate of about 400 times per 
minute, while the photon counter discharged 
about twice per minute. About one recoil electron 
counter discharge in 2000 was coincident with a 
photon counter discharge to an accuracy of about 
1/1000 sec. These coincidences were not exact, 
for the discharge in one counter always seemed to 
lag behind that in the other to a measurable 
degree; but Bothe and Geiger concluded that 
this lag was not due to inductive effects between 
the counters, and calculated by probability 
theory that there was only one chance in 400,000 
that the number of coincidences observed could 
be due to chance. 

While this experiment was in progress, a 
similar experiment was undertaken at the Uni- 
versity of Chicago by Bennett.’ His apparatus 
consisted of a vacuum drum in which two Geiger 
point counters were mounted on spectrometer 


* A. H. Compton and A. W. Simon, Phys. Rev. 25, 309 
(1925); also F. Kirchner, Ann. d. Physik 83, 969 (1927). 

»25) H. Compton and A. W. Simon, Phys. Rev. 26, 289 
(1925). 

®W. Bothe and H. Geiger, Zeits. f. Physik 32, 639 
(1925). 

*R. D. Bennett, Ph.D. Dissertation, University of 
Chicago (1925). 
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Fic. 1. Schematic arrangement of apparatus. 


arms so that they could be set at the angles to the 
incident beam required by the photon theory. 
One counter was designed to record recoil 
electrons and the other to detect scattered 
photons. The primary radiation was supplied by 
an x-ray tube operated at 180 kv and was 
filtered through 7 mm of brass. In some of 
Bennett’s experiments the scatterer was a thin 
piece of oiled paper or mica; in others it was air at 
atmospheric pressure. Because, as in the Bothe- 
Geiger experiment. there appeared to be a time 
lag in the action of the point counters so that the 
“coincidences” observed were not exact, the 
results of these experiments did not give a 
conclusive answer to the question. 

A similar experiment was performed at the 
University of Chicago by J. A. Bearden. In this 
experiment the recoil electron counter was first 
placed in a position R, where coincidences should 
have been observed according to the photon 
theory, and then in a second position R, where 
coincidences should not have been observed. The 
position of the photon counter P was unchanged. 
The results were: “In position R, there were 71 
counts in P and 31,000 in R with only 8 coinci- 
dences. In position R, there were 112 counts in 
P and 42,400 in R with 9 coincidences. Thus 
there were just as many coincidences in the 
wrong position according to the theory as in the 
correct position.’’!® 

The chief difficulties in these experiments are 
the time lag in the action of point counters and 
the fact that the recoil electrons produced by 
x-rays do not have as much energy as is desirable. 
The present experiment is an attempt to give a 


Letter to A. H. Compton, July, 1935. In this letter 
Bearden reports also a repetition of these experiments with 
findings which confirm the earlier negative results and also 
those found in the present experiment, 
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more definite answer to the question of the 
mechanism of scattering. To obtain recoil elec- 
trons of greater energy than in the experiments 
previously described, gamma-rays from radium 
C were used as the primary radiation. As 
an additional improvement specially designed 
Geiger-Miiller counters were used to record the 
recoil electrons and scattered photons. 


DESCRIPTION OF THE EXPERIMENT 


The general arrangement of the apparatus 
used in this experiment is shown in Fig. 1. 

The source of gamma-rays (radon tube) was 
placed at y and the beam of radiation which fell 
upon the scatterer at S was collimated by the 
system of lead shields shown. The Geiger-Miiller 
counters at P and R were further protected from 
direct and scattered radiation by additional lead 
shields and lead shot which, for simplicity, have 
been omitted from the figure. To prevent the rays 
scattered from the end of the collimating tube at 
E from passing through the counters at P and R 
the lead cylinder Z was used in the position 
shown. The arrangement was such that all parts 
of L were in the geometrical shadow of the bundle 
of rays collimated by the cylindrical hole C, thus 
toa large degree eliminating unwanted scattering. 

The fraction F of the gamma-rays emitted by 
the radon tube which will strike the scatterer at S 
is determined by the solid angle subtended at + 
by the scatterer. In the apparatus shown in 
Fig. 1 the distance y£ is 28 cm and the diameter 
of the hole C is 0.80 cm. Therefore, F=5.13 
<10-*. The fraction of the incident beam of 
gamma-rays scattered to the photon counters at 
P will be determined by several factors: the 
effective volume of the scatterer, the scattering 
coefficient for the radiation used, the distribution 
in angle of the scattered radiation, and the solid 
angle subtended by the counters. This fraction 
has been calculated for each of the experiments 
performed and used in computing the expected 
number of coincidences given in Tables I and II 
below. A photon scattered into the counter at R 
will record itself only when it ejects a secondary 
electron into the electric field of the counter. 
Since the absorption by the gas in the counter 
will be negligible, these secondary electrons must 
come from the walls of the counter cylinder. The 
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Fic. 2. 8-ray counter. 


cylinders used for the photon counters were gold 
tubes 3 cm long, 1 cm inside diameter, and of wall 
thickness } mm. The reason for selecting gold as 
the material for constructing these counter 
cylinders was the following: The gamma-ray 
may be absorbed by the scattering process with 
the production of a recoil electron, or a photo- 
electron may be ejected when the whole quantum 
is absorbed. The number of recoil electrons that 
escape from the walls into the interior of the 
counter will increase only slowly with atomic 
number, because the increased scattering by 
elements of higher atomic number will be nearly 
canceled by their increased stopping power for 
beta-particles. On the other hand the absorption 
by the photoelectric process increases very 
markedly with atomic number. For elements of 
atomic number as high as that of lead or gold the 
photoelectric absorption for gamma-rays will be 
very important. Except for lead, which is slightly 
radioactive, the most convenient metal of high 
atomic number to use is gold. To further increase 
the chance of recording the photons, five of these 
gold counters were placed in a line and electrically 
connected so that if the photon were absorbed in 
any one of the five the discharge would be 
effective in contributing to a possible coincidence 
with a discharge in the recoil electron counter. 
The efficiency E of the photon counter can be 
determined by experiment by observing the 
discharge rate of the counter when a known 
number of gamma-ray quanta are passing through 
it in unit time. It was found that the chance of a 
photon’s being absorbed was about one in 125, 
giving a value of E=8xX10-*. The photon 
counters used in these experiments were filled 
with dry air at a pressure of 10.5 cm of mercury 
and were operated at about 1400 volts. Various 
experimenters have shown that the entire inside 
diameter of the counter is effective but that an 
end correction must be applied to allow for the 
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decreased intensity of the electric field at the 
ends of the cylinder. Experiment proved that the 
effective volume of the cylinder was 0.92 of the 
geometrical volume. 

According to the photon theory, with each 
photon scattered in the angular range ¢+A¢, a 
recoil electron should be ejected with the initial 
direction in the range 6+Aé@. The recoil electron 
counter was set at the mean value of @ in this 
range. In estimating the number of associated 
recoil electrons which will enter the recoil 
electron counter it is necessary to take.account of 
the fact that the primary beam of gamma-rays is 
inhomogeneous and that the recoil electrons will 
be scattered by the matter between their point of 
origin and the recoil electron counter. These 
effects were taken into consideration in the 
computations which give the expected number of 
coincidences recorded in the tables below. 

The problem of designing a counter to record 
the recoil electrons is very different from that 
discussed above for the photon counters. Here 
it is necessary to make the walls, etc., so thin 
that the beta-particles will be able to enter the 
counter easily. The final type of counter de- 
veloped for this work is illustrated by Fig. 2. 

The cylinders A and B are made of thin Al foil 
(¢=0.0007 cm) supported upon a skeleton brass 
tube. The beta-rays entered the counter through 
a thin cellophane window C (¢=0.0017 cm). The 
effective cross section of this counter was 3.2 
X0.9 sq. cm. This counter was used in two ways. 
First, counter A alone was used in such a way 
that coincidences were recorded when a recoil 
electron discharged counter A and at the same 
instant a scattered photon discharged any one of 
the gold counters P. This arrangement gave the 
data recorded below under the heading of Double 
Coincidence Experiments. In the second method, 
coincidences were recorded when a recoil electron 
passed through both A and B, discharging both, 
and at the same time a photon discharged one of 
the counters at P. The data from this type of 
experiment are listed below as Triple Coincidence 
Experiments. The principal advantage of the 
latter arrangement over the former is that it 
records a much smaller number of chance counts. 
These chance coincidences are due to the finite 
resolving time + of the adding circuit of the 
vacuum tube amplifier. In addition to recoil 
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electrons entering the counters A and B, there 
will come from the scatterer gamma-radiation 
which will eject secondary electrons from the 
walls of the counter. These discharges will not 
contribute to true coincidences but will be 
effective in producing a certain number of false or 
chance coincidences. For the double and triple 
arrangements the number of these chance coinci- 
dences will be respectively: 


D=2rN,Np, (1) 


T =21(NapNp+ NapNe+NepNa) 
a 3 Na NzgNp. (2) 


Here Na, Nz and Np are the individual counting 
rates in counters A, B and P, respectively. Nig 
is the number of true coincidences between 
counters A and B etc.; while 7 is the resolving 
time, which was determined for the circuit used, 
to be r=4.4X10-* min. The chance coincidences 
listed in column four of the tables were computed 
by these formulae. 

Test experiments were performed to show that 
this double counter functioned properly by com- 
paring the number of coincident discharges in A 
and B with the single counting rates of A or B. 
When this was done with a source of beta-rays 
at Y, the double discharges were found to be a 
large fraction of the single rates—showing that 
the beta-particles were actually passing through 
both counters. However, when a source of gamma- 
rays was placed at X, the coincidences were much 
fewer than the single discharge rates in either 
counter. The actual number of coincidences was 
found to agree with the prediction of Eq. (1) as 
would be anticipated because in this case only 
chance coincidences should be possible. 

Tests were made to show that the counters and 
circuits as described were functioning properly 
and would record coincidences of the kind sought 
for in this experiment. These tests were per- 
formed by arranging the counters A, B and P 
in a vertical plane so that they could be used to 
record the passage of cosmic-ray particles. It was 
found that the number of triple coincidences 
observed agreed well with the number to be 
expected from the experiments of Hsiung" and 
others, showing that the counters and circuit 
were functioning properly. Another experiment 





1D. S. Hsiung, Phys. Rev. 46, 653 (1934). 
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similar to that described by Street and Wood- 
ward” was performed to determine the efficiency 
of the counters and circuits in recording coinci- 
dences when the single counting rates were 
approximately the same as in the main experi- 
ment. This test experiment showed the efficiency 
of both the photon counters and the electron 
counters for fast ionizing particles was about 85 
percent and that the circuit was working properly 
to record coincidences. 


EXPERIMENTAL RESULTS 


The results of the present series of experiments 
are given in Tables I and II. The first column of 
these tables lists the scatterer and the second 
column the strength in millicuries of the radon 
tube used as a source of gamma-rays. In the 
third column are recorded the azimuths of the 
recoil electron counter measured from the direc- 
tion of the incident beam of radiation. The 


TABLE I. Triple coincidence experiments. 





CHANCE OBSERVED EXPECTED 





SCATTERER SOURCE 6 TRIPLES TRIPLES TRIPLES 
(mc) (hr.*!) (hr.~) (hr.~!) 
Air 135 35° 0.4 0.0+0.5 13 
Al 


¢ 0.0015 cm 140 35 1.7 2.4+0.5 23 
Al 


t 0.004 124 a5” 4.9 4.741.5 48 
Paraffin 
t 0.05 138 35° 9 14 +3 69 
Paraffin 
t 0.05 129 335° 9 12 +4 9 
Be 
0.02 133 35° 8 9.542 48 
Be 
t 0.02 131 j35° 8 9.5+2 8 








TABLE II. Double coincidence experiments. 











CHANCE OBSERVED EXPECTED 
SCATTERER SOURCE C DouBLES DouBLEs DovuBLes 
(mc) (min.~) (min.~!) (min.~') 
Air 105 3$° 0.67 0.92 +0.07 0.89 
Air 102 j35° 0.67 0.87 +0.08 0.67 
Filter 
paper 
0.015 cm 195 25° 2.5 1.9 +0.18 
ty 191 —25° 2.5 2.2 +0.28 2.5 
Paraffin 
t 0.05 97 a5” 1.5 1.8 +0.09 2.8 
" OF j35° 1.5 1.8 +0.17 1.5 
ya 95 35° 4.5 5.6 +0.15 9.9 
“ 93 535° 4.5 6.0 +0.8 4.5 
as 81 Hor 0.94 0.85+0.11 2.4 





2 J. C. Street and R. H. Woodward, Phys. Rev. 46, 
1029 (1934). 
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angles given without a symbol before them 
indicate that the counter was set at the angle 
required by the photon theory. A negative sign 
before the value of @ means that the counter was 
set on the same side of the incident beam as the 
photon counter; in which position, of course, no 
coincidences should be expected. When the 
symbol j is before the value of the angle, it 
signifies that the recoil electron counter was 
rotated about the primary beam as an axis into a 
position 90° from the plane containing the 
incident beam and the centers of the photon 
counters. The photon theory predicts no coinci- 
dences in this position because momentum could 
not be conserved. Column four gives the chance 
coincidences calculated from Eqs. (1) and (2) and 
the individual discharge rates of the several 
counters. Column five gives the observed co- 
incidence rates together with the probable error. 
For each experiment a calculation was made of 
the number of coincidences to be expected from 
the photon theory, with the strength of the 
source, counter efficiency and geometrical ar- 
rangement known. This number added to the 
chance rate is given in the last column of each 
table and should be the number of coincidences 
per unit time which should be expected if the 
photon theory is correct. The experiment sum- 
marized in the last row of Table II was per- 
formed with all counters in the horizontal plane. 
This was to minimize the effect of the inhomo- 
geneity of the incident rays by permitting a wide 
range of values of both ¢ and @ to be effective. 
An examination of the tables will reveal the 
following facts: The number of coincidences 
observed are always fewer than predicted by the 
photon theory, and in fact agree rather well in 
each case with the number of chance coincidences 
to be expected. Further, when the recoil electron 
counter is set in the position —@ or j@ the 
number of coincidences observed is as great as in 
the correct position 6. This strengthens the view 
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that all the observed coincidences are due only to 
chance and that the predictions of the photon 
theory are not verified by this experiment. Thus 
the present series of experiments, in common 
with the experiments of Bennett and of Bearden 
discussed above, yields results contrary to those 
obtained by Bothe and Geiger and by Compton 
and Simon. It seems difficult to understand how 
the present experiment could have failed to show 
the coincidences if they were real; but all the 
experiments performed by the writer have uni- 
formly yielded a negative result. 

The predictions of the photon theory should 
apparently apply to the scattering of gamma- 
rays studied in the present experiments. How- 
ever, the wave-mechanical theory as developed 
by Wentzel contains approximations which limit 
its strict validity to the ordinary x-ray region, for 
which hyv<mc*. The further development of this 
theory to include gamma-ray scattering may give 
a less definite angular relationship than the 
photon theory predicts. Coincidences would be 
much more difficult to observe if the angular 
relationship is not valid because of the much 
smaller chance of capturing the scattered quan- 
tum. There is thus a possibility that the results 
of the present experiment will not be inconsistent 
with those of Bothe and Geiger and of Compton 
and Simon. In any event, the photon theory in 
its present form does not agree with the experi- 
ments reported here. 

This experiment was suggested to the writer by 
Professor Arthur H. Compton and its completion 
has been possible because of his generosity and 
stimulating advice. It is also a pleasure to 
acknowledge the helpful criticism and discussion 
given by Professor Ralph D. Bennett of Massa- 
chusetts Institute of Technology; Professor J. A. 
Bearden of Johns Hopkins University; Professor 
W. Bothe of the Kaiser Wilhelm-Institut, 
Heidelberg; and Professor H. Geiger of the Uni- 
versity of Tiibingen. 
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Effects of Chemical Binding on the X-Ray Ka,, , Doublet Lines of Sulphur Studied 
with a Two-Crystal Spectrometer 


LyMAN G, ParRAtT,* Cornell University 
(Received October 12, 1935) 


Ionization curves of the Ka:,2 doublet lines of sulphur have been recorded with the two- 
crystal spectrometer. Several sulphides and sulphates were used as targets. The effects of the 
chemical binding on the wave-length, on the aia, separation and on the doublet contour 
were measured. With suitably chosen targets, the wave-length shift of the S Ka,» lines from 
sulphates to sulphides was observed in the process of shifting. 


INCE first noticed in 1924 the effects of 

chemical binding on x-ray emission spectra 
have attracted the attention of numerous in- 
vestigators.' Four of these effects have been 
studied: (1) The wave-length shift of the emis- 
sion lines of light elements;?:*-4:5 (2) the 
different relative intensities;* (3) the possibly 
new lines with certain compounds ;* and (4) the 
change in the line contours, particularly in the 
line widths at half-maximum intensity.*: 7 * All 
of these effects have been investigated with the 
vacuum spectrograph by using the photographic 
method. The uncertainties in the photographic 
method of measuring intensities, especially of 
intensity distributions in wave-length (line con- 
tours), are well known and quantitative measure- 
ments require the ionization method and the 
high resolving power of the two-crystal spec- 
trometer.* The present paper reports observa- 
tions on the contour shape and the wave-length 
shift of the Ka;,2 lines of sulphur with a two- 
crystal spectrometer.’ With suitably chosen tar- 
gets, the wave-length shift can be observed in 
the process of shifting. 

Targets of several sulphur compounds were 
used. FeS, CueS, MgSO, and BaSO,, in powdered 
form, were pounded onto a roughened copper or 
aluminum water-cooled target. PbS was soft- 
~ * National Research Fellow. 


1See Lindh, Handbuch der Experimentalphysik (1930), 
XXIV, part 2, pp. 314-325. 

2 Lundquist, Zeits. f. Physik 60, 642 (1930); 77, 778 
(1932); 89, 273 (1934). 

3 Faessler, Zeits. f. Physik 72, 734 (1931). 

* Svensson, Zeits. f. Physik 75, 120 (1932). 

5 Valasek, Phys. Rev. 43, 612 (1933); 47, 896 (1935). 

6 Deodhar, Proc. Roy. Soc. Al31, 647 (1931). 

7 Siegbahn and Magnusson, Zeits. f. Physik 96, 1 (1935). 

§ Parratt, Phys. Rev. 45, 364 (1934); Wilhelmy, Zeits. f. 
Physik 97, 312 (1935). 

® This instrument has been described in previous reports, 
Phys. Rev. 41, 553 (1932); Rev. Sci. Inst. 5, 395 (1934). 


14 


soldered to copper. With the x-ray tube at low 
power, 10 kv and 10 to 15 ma, with the focal-spot 
about 2 mm in diameter, these targets operated 
satisfactorily, although, were the power in- 
creased, the powder substance would either 
change chemically or disappear from the target 
surface. FeS, by far the best target, would 
dissipate about 700 watts. The making of satis- 
factory targets for ionization recordings of in- 
tensities is a different problem than is the case 
for photographic measurements—the emitted 
intensity must remain constant (within 1 or 2 
percent) throughout the time required to record 
a complete curve, about 30 minutes in the 
present work. Several sulphur compounds in 
addition to the ones mentioned above were tried 
but were found to be unsatisfactory. 

In Fig. 1 are plotted the ionization curves of 
the S Kay, 2 doublet lines with different targets— 
compounds and mixtures of compounds. These 
various targets are described in the caption to 
the figure. There can be no doubt that under the 
stress of the electron bombardment the sulphates 
decompose or react chemically, either by simple 
reduction or with the target material or both, 
and yield the spectra characteristic of the 
sulphides. In a sense these curves may be 
interpretated as x-ray pictures of the chemical 
reaction, each curve giving a quantitative meas- 
ure, in fractions of the total number of molecules, 


of the extent of the reaction. The wave-length 


shift is clearly shown and differences in the 
widths of the lines and in the overlapping 


factor’ are also evident. It so happens that the 


10 This factor, a measure of the degree of overlapping of 
the two Ka components, is defined as twice the ratio of 
the minimum ordinate between the lines to the maximum 
ordinate of the a line. See Allison, Phys. Rev. 44, 63 
(1933); Parratt, Phys. Rev. 44, 695 (1933). 
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Fic. 1. Ionization curves of the S Ka;,2 doublet lines. All six curves are plotted on the same 
abscissae scale. The targets used in recording these curves are: 

Curve (1)—BaSQ, on Al. The curve was recorded as soon as possible after applying the 
voltage to the tube, 8 kv and 8 ma. 

Curve (2)—Same target as with curve (1) after the tube had been operating at 16 kv and 
15 ma for two hours. After this ‘‘seasoning” the tube power was reduced to 10 kv and 15 ma 
and the curve recorded. 

Curve (3)—MgSO, on Al. The curve was taken at 10 kv and 15 ma after the tube had 
been operating one hour at 15 kv and 15 ma. 

Curve (4)—MgSO, on Cu. The curve was taken at 10 kv and 15 ma after the tube had been 
operating one hour at 15 kv and 15 ma. 

Curve (5)—MgSO, on Cu. This target was the same as.with curve (4) after three additional 
hours of operation at 15 kv and 25 ma. The curve was taken at 12 kv and 15 ma. 

Curve (6)—Cu.S on Cu. Taken at 10 kv and 10 ma. The target of curve (5) after 10 hours 
additional operation at 15 kv and 20 ma yielded a curve identical with curve (6) within the 
experimental error. Evidently after being subjected to the electron bombardment with the 
attending heat of the focal spot the MgSO, goes, with sufficient time, completely over to the 
sulphide, either CueS or MgS or both. 

Although an effort was made to record the intermediate curves in a minimum of time it is 
no doubt true that the chemical change was going on at the time of the recordings and the 
curves obtained do not represent truly static stages of the process. 
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wave-length of the a line of the sulphates is in 
near coincidence, though not quite, with the 
wave-length of the a line of the sulphides: 
There are actually four lines in the intermediate 
curves of the figure instead of the obvious three. 

Measurements were made on the wave-length 
shifts, the wave-length interval a;—ae, the line 
widths at half-maximum intensity, and on the 
overlapping factors. Free sulphur was not used 
as a target so the wave-length shifts are referred 
to the position of the peak of the a line of FeS. 
These data are given in Table I. The estimated 
maximum error in these measurements is indi- 
cated in the table. 

A test with the FeS target showed no varia- 
tions in the shape of the doublet contour as the 
tube voltage or current was altered. The voltage 
range in this test was 5 to 30 kv. This confirms 
and extends the results of similar tests by many 
investigators in the shorter wave-length regions. 


TABLE I. Measurements of the S Kan, 2 doublet lines (5.36A) 
from various sulphur compounds as determined with the 
two-crystal spectrometer in the (1,41) position. 

(The width data are not corrected for 
overlapping of the az line.) 





























. , SEPARATION 
Fut, Wmors oF a “a pag > Sy Ovm> 
TARGET a MAX. | LAPPING 
beauty Factor 
‘XU. ’ 
(sec.) | (X.U.) | “true” | (sec.) | x.u.| ' 
FeS on Cu 27545 | 1.88 | 1.63 /41643) 2.85 0 0.77 
CusS on Cu 28045 | 1.91 | 1.67 /416+3/ 2.85 | 0.27+0.03| 0.78 
PbS 278+5 | 1.90 1.65 41244) 2.82 — 0.79 
PbS* 14443 | 2.30 | (2.13)*|18243) 2.81 _— 0.91 
MgSO, on Cu after 
12 hours of opera- 
tion 28227 | 1.93 1.68 (41543) 2.84 | 0.27+0.03| 0.78 
MgS0, on Al taken 
as soon as = 
sible with low 
power 326410} 2.24 1.99 |41544/ 2.84 |3.28+0.04| 0.93 
BaSQ, on Al taken 





as soon as pos- 

sible with low 

power = 2.24 1.99 /416+4| 2.85 |3.28+0.04| 0.91 
| 


























* These data with PbS were recorded with quartz crystals, (10-0) planes, ground 
and etched. These quartz crystals, compared with calcites, have considerably less 
effective resolving power at this wave-length (5.36A) as determined from the (1,+1) 
width measurements; however, the (1,—1) width of the quartz specimens at this 
wave-length is less than the corresponding width with the calcites. The shape of the 
(1,—1) curve with quartz crystals is markedly different from the shape of the same 
curve with calcites. See Rev. Sci. Inst.6, 113 (1935) and 5, 395 (1934). The relative 
effective resolving powers of these quartz and calcite crystals are in agreement with 
the discussion in Rev. Sci. Inst. 6, 387 (1935). It should also be pointed out that, in 
view of the great difference in the (1,—1) shapes with two types of crystals, the cor- 
rection Eq. (1) will not apply to the width measurements with quartz—rather the 
correction should be greater than this equation gives. Furthermore, as pointed out in 
the last reference, the validity of the correction in the case of calcite is somewhat 
doubtful at this wave-length. 

_All the data in the present report, except those with the PbS target, were taken 
with calcite crystals Aq By which have been studied in other reports, Parratt, Rev. 
Sci. Inst. 6, 387 (1935) and Parratt and Miller, Phys. Rev. in press (1936). 


PARRATT 


The observed contours have not been resolved 
into the a; and az components—the uncertainty 
of how this resolution should be made (due to 
our lack of knowledge of the true shapes of the 
individual lines) is too great to warrant the 
attempt at the present time. Hence, width 
measurements of the ag line and of the degrees 
of asymmetry of the lines are not given. The 
“true” widths of the a line are obtained by 
applying to the observed widths the empirical 
correction for the finite resolving power of the 
crystals of the spectrometer as discussed in 
another article." This correction is 


Wr=Wo—-2.9W-'"’, (1) 


where W7 is the true width, W, is the observed 
(1,41) width and We is the observed width 
when the crystals are in the (1,—1) position. 
All the widths in Eq. (1) must be expressed in 
X.U. The (1,—1) width with calcites is 0.437 
X.U. and with the quartz crystals is 0.353 X.U. 

The measurements of the wave-length inter- 
vals are in good agreement with those obtained 
photographically. The photographic measure- 
ments, however, vary among themselves con- 
siderably. The a;—az separation of FeS, for 
example, is reported as 2.81 X.U. by Faessler® 
and 3.07 X.U. by Valasek®; and of BaSO, as 
about 2.84 X.U. by Faessler* and 3.00 X.U. by 
Lundquist.? The shift of the a line, referred to 
FeS, of CueS is given by Lundquist? as 0.05 X.U. 
and by Valasek® as 0.34 X.U.; of BaSO, by 
Lundquist? as 3.04 X.U. and by Faessler* as 
about 3.65 X.U. Such variations in the photo- 
graphic measurements are not surprising when 
one considers the large widths of these doublet 
lines and the lack of resolution. Because of the 
higher resolving power of the two-crystal instru- 
ment and because of the greater accuracy of the 
ionization method in recording the intensity 
distributions in wave-length, the present meas- 
urements are more reliable. 

The author is indebted to the University of 
Chicago for the loan of the double spectrometer 
with which these data were obtained. 


11 Parratt, Rev. Sci. Inst. 6, 387 (1935). 
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Theory of the Effect of Temperature on the Reflection of X-Rays by Crystals 
I. Isotropic Crystals 


CLARENCE ZENER AND G. E. M. Jauncey,* Wayman Crow Hall of Physics, Washington University, St. Louis 
(Received October 16, 1935) 


A short derivation of the Debye-Waller temperature factor in the reflection of x-rays from 
isotropic crystals is given. This short derivation clearly brings out the assumptions involved 
and paves the way for the extension of the theory to the more complex case of anisotropic 
crystals. One of the authors will give this extension in a subsequent paper. 


1. INTRODUCTION the two previous derivations have been solengthy, 
and the approximations so obscure, that it is 
difficult to see just what physical assumptions 
have been made. Secondly, one of the authors is 
communicating a paper in which the method of 
the present paper is extended to the derivation of 
M for anisotropic crystals. It is desirable to 
separate the case of isotropy from the more 


? the reflection of x-rays from crystals and in 
the scattering of x-rays from gases, we meet 
two forms of the atomic structure factor. If we 
represent the structure factor relative to a lattice 
point in a crystal by F and that relative to the 
center of the atom by f, the relation between F 
and f is ; 

: complex case of anisotropy. 

F=fH, (1) 


where // is the temperature factor. This is given 2. THE LayeR DISTRIBUTION FUNCTION 


by We assume the displacements of the atoms 
= 6cn cin 6 from their equilibrium positions to be so sfnall 

u= | p(z) cos ( on —— ds, (2) that the potential energy of the lattice is a 

—o d quadratic function of the coordinates of the 

f a : : atoms. The actual displacement of a given atom 

where p(z) is the layer distribution function from its lattice point is then given by the vector 
relative to a crystal plane of the atoms associated sum of the displacements arising from the 
with that plane (the plane of x and y), the — of various normal modes of vibration of the crystal. 
2 bisects the angle between the forward direction In particular, the component of the displacement 
of the reflected rays and the backward direction of an atom along any axis, say along the z axis, is 
of the primary rays, and @ is the glancing angle of equal to the algebraic sum of the components of 
incidence of the x-rays — the reflecting plane. the displacements due to the vibrational modes. 
The temperature factor is usually written in the Since the probability of a displacement between z 
form and z+dz due to one vibrational mode is the 
H=e™. (3) same whether is positive or negative, and since 

the displacements due to any two vibrational 
modes are independent, the calculation of the 
probability function (2) is identical with the 
calculation of the probability function for a net 
error which is due to a large number of inde- 
pendent errors,* or for the diffusion of Brownian 
particles from a plane.‘ The result is well known: 


The function M has been derived for isotropic 
solids by Debye.' Later, Waller? showed that 
Debye’s formula for M should be multiplied by a 
factor of two. In this paper a new derivation is 
given. The authors believe that this third 
derivation is justified on two grounds. Firstly, 


* The authors were aided in part by a grant from the 
Rockefeller Foundation to Washington University for 3) = o~ s/s 4) 
research in science. p(2) = \4 ad ’ ( 
‘ P. Debye, Ann. d. Physik 43, 49 (1914). (2p) 
21. Waller, Zeits. f. Physik 51, 213 (1923). A compre- 
hensive list of references is given by Compton and Allison ’ See J. Rice, Statistical Mechanics, p. 10. 
in X-rays in Theory and in Experiment, 435-436 (1935). ‘A, Einstein, Ann, d. Physik 17, 556 (1905). 
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where 
) 


mn 


w= Zobs. ( 


Here yu, is the mean square of the zs component of 
the displacement due to the sth vibrational 
mode, and the summation is over all the vibra- 
tional modes of the crystal. Substitution of (4) 
into (2) gives 


M = (877 sin? 0) /d?. (6) 


3. THE MEAN SQUARE DISPLACEMENT 

In order to calculate », we must assume a 
definite model for the solid. We shall take that 
model introduced by Debye?’ in his theory of the 
specific heats of solids. The normal coordinates 
are taken to be the amplitudes of the vibrational 
modes which would be present if the solid were a 
continuous medium with the same gross elastic 
properties as the actual discontinuous solid. 
Since the number of normal coordinates must be 
3n, where n is the number of atoms in the solid 
under consideration, Debye found it necessary to 
exclude vibrational modes of a frequency greater 
than a certain maximum frequency, v». It should 
be noted, however, that this method of obtaining 
the correct number of normal coordinates is not 
unique. In this paper we shall follow the pro- 
cedure of Debye’s theory of specific heats in 
excluding those vibrational modes with a fre- 
quency greater than vp. 

The mean square u is to be identified with the 
average square of the z component of the 
displacement vector D(r, ¢) of the fictitious con- 
tinuous medium. If we expand D into a Fourier 
series, 


D(r, t)=2!d0a;, ,(t) cos (k-r+4,), 


and let y;, x be the cosine of the angle which a;, x 
makes with the z axis, then, in virtue of (5), 


p=>77), 87), & (7) 


In the classical mechanics a;,~% is a periodic 
function of time 


aj, x(t) =C;, , cos (2rvt+¢;, x), 


5 P. Debye, Ann. d. Physik 39, 789 (1912). 
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the phases ¢;,~ being independent. In the 
quantum mechanics the a;, x's are independent 
dynamical variables. In both mechanics the 
average energy associated with a; , is 


€;, «= 40? v?Moa?;, ,, (8) 


where » is the classical frequency of a;,, and M, 
is the total mass of the solid. From the classical 
viewpoint this relation is obtained most readily 
by equating €;,, to the kinetic energy }Moa?;. x 
associated with a;,,% at the instant when 4;, , is 
zero. From the quantum viewpoint this relation 
is obtained via the virial theorem. By means of 
(8) and of the quantum formula 


hv 
«= Hh /2 (9) 
exp (hv/kT)—1 


€j, 


(hv/2 being the zero-point energy), we now 
transform (7) into 
h 1/v 1 | : 
p=——F7',, »| — —}. (10) 


4n?*M,y exp (hv/kT)—1 "bel 
Eq. (10) is not restricted to isotropic crystals; 
it will in fact be used in a following paper on 
anisotropic crystals. Assuming isotropy, y?;, « is 
replaced by its spatial average 3, while, as in 
specific heat theory, the number of vibrational 
modes with frequencies between v and v+dy is 
Onv,—*v*dv. Hence (10) may be replaced by an 
integral between the limits v=0 and v=». 
Introducing the quantity =/v/kT and the 
characteristic temperature 0=/y,,/k, we obtain 
an expression for » which when inserted in (6) 
gives the Waller formula 

6h? 1¢(O/T) 1)sin? @ 
-——|— — +|——, (11) 

mkO | 0/T 4) » 


where m, = M,/nis the mass of a crystal atom and 


1 az é 
$(x) --| on, 


xv, e&— 


(12) 


the well-known Debye function. 
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Neutrons from the Disintegration of Deuterium by Deuterons 


T. W. BonNER* AND W. M. BruBakeERr, Kellogg Radiation Laboratory, California Institute of Technology 
(Received October 22, 1935) 


The excitation functions for the emission of neutrons 
from the two reactions ,H?+,H*—>,He®+ om! and ,Be®+,H? 
—,B+ on! have been investigated in the energy range 
from 0.5 to 0.9 MEV. In this interval the yield of neutrons 
from a H;?PO, target increases nearly linearly with the 
bombarding energy while the yield from a Be target in- 
creases nearly exponentially. At 0.9 MEV three times as 
many neutrons were observed from the Be target as from 


the H;*PO, target. At the lower voltage of 0.5 MEV only 
1/3 as many neutrons came from the Be as from the 
H;?PO,. The neutrons from deuterium were found to be 
nearly homogeneous in energy with a maximum of 2.55 
MEV when they are observed at right angles to the direc- 
tion of the incident 0.5 MEV deuterons. The energy of the 
disintegration is 3.21+0.13 MEV. 





HE emission of neutrons in large numbers 
from the bombardment of deuterium by 
deuterons was first reported by Oliphant, Har- 


teck and Rutherford.' They attributed the 
neutrons to the reaction: 
,H?+ ,H?—2He?+ on'. (1) 


They reported an equivalent yield of one neutron 
per 10° deuterons incident on a pure deuterium 
target at 0.1 MEV. This means an actual yield 
of about 1 in 10’ from targets such as can be 
used conveniently (H;?PO,, (NH4)2SO,, NH 2Cl). 
This yield from deuterium at 0.1 MEV is com- 
parable to the yield from a Be target at 0.8 MEV 
as reported by Crane, Lauritsen and Soltan.? 
However previous experiments in this laboratory 
as well as those at Berkeley® indicated that at 
high voltages the yield of neutrons from the 
beryllium reaction 


4Be®+ ,H?—,;B!°+ on! (2) 


was considerably greater than that from deu- 
terium. In the present experiment we have com- 
pared the yield of neutrons from targets of 
H;?PO, and Be when bombarded by deuterons 
of energies between 0.5 MEV and 0.9 MEV. 
Oliphant, Harteck and Rutherford! have used 
a helium-filled ionization chamber connected to 
an amplifier and oscillograph to measure the 
maximum energy of the neutrons from deu- 
terium. From the maximum oscillograph de- 


* National Research Fellow. 

' Oliphant, Harteck and Rutherford, Proc. Roy. Soc. 
A144, 692 (1934). 

* Crane, Lauritsen and Soltan, Phys. Rev. 45, 507 (1935). 

* McMillan and Livingston, Phys. Rev. 47, 452 (1935). 
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flection they have estimated that the neutrons 
have a maximum energy of 2.2 MEV. From the 
ranges of 30 recoil-helium tracks in a cloud 
chamber Dee‘ has inferred that the neutrons 
are homogeneous and have an energy of 1.8 
MEV. In the present experiment we have de- 
termined the energy distribution of the neutrons 
more accurately by observing a large number of 
recoil protons in a cloud chamber. 


EXCITATION CURVES 


We have compared the excitation functions for 
the emission of neutrons from Be and H,?PO, 
targets by counting the number of recoil protons 
photographed in a cloud chamber. We placed 
the methane-filled cloud chamber close to the 
target so that a large number of recoil protons 
could be observed. All observed tracks were 
counted, regardless of their orientation. When 
the voltage was increased from 0.5 MEV to 
0.9 MEV the average number of tracks per 
expansion increased from 2.7 to 42 with the Be 
target, and from 7.1 to 13.4 with the H;PO, 
target. These data have been reduced to an 
absolute yield and plotted as shown in Fig. 1. 
From 1000 to 2000 tracks were counted to de- 
termine each point on the curve. The relative 
yields are much more accurate than the absolute 
ones ; the latter may be in error by as much as a 
factor of 5 or possibly 10. The curve shows that 
the yield of neutrons is greater from an H;’PO, 
target for voltages less than 0.68 MEV, but that 
for higher voltages the yield from Be is greater. 
Since the hydrogen in the H;?PO, molecule is 


‘4P. I, Dee, Proc. Roy. Soc. A148, 623 (1935). 
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responsible for 1/8 of the molecular stopping 
power, one should multiply the experimental 
yield by 8 to get the yield from a pure deuterium 
target. 

The Be excitation curve agrees quite well with 
the one obtained by Crane, Lauritsen and Soltan? 
who used a paraffin-lined ionization chamber to 
detect the neutrons. The curve is roughly expo- 
nential, doubling every 0.1 MEV. The deuterium 
excitation curve rises only 75 percent in the 
interval between 0.5 and 0.9 MEV. Since the 
height of the potential barrier for deuterons on 
deuterons is only about 0.1 MEV, this increase 
cannot be due to a greater probability of pene- 
trating the potential barrier but to the increased 
range of the deuterons in the target. The range 
of a 0.9 MEV deuteron is approximately 90 
percent greater than that of a0.5 MEV deuteron, 
so the agreement is fairly good. 

The yield from beryllium as compared to that 
from deuterium at 0.2 MEV can be found by 
extrapolating the curves down to this energy. 
This gives the ratio of the number of neutrons 
from Be to the number from H;PQ, as approxi- 
mately 1/20. Thus it is apparent that, at 
potentials of the order of 0.2 MEV, deuterium 
contamination on targets may be responsible 
for an appreciable portion of the observed 
neutrons. 


ENERGY DISTRIBUTION OF THE NEUTRONS 


In previous papers® we described our method 
of determining neutron energies by measuring 
the lengths of recoil proton tracks in a high 
pressure cloud chamber filled with methane. In 
the present experiment the procedure has been 
the same except that a pressure of only 2.70 
atmospheres was used in the chamber. At this 
pressure the tracks of the highest energy recoil 
protons had a length of approximately 4.5 cm. 
From the stopping power of the gas® in the 
chamber and the range-velocity curve, we have 
computed the energy of the recoil protons.’ 


5 Bonner and Brubaker, Phys. Rev. 47, 910 (1935); Rev. 
Sci. Inst. 6, 143 (1935); Phys. Rev. 48, 742 (1935). 

® The gas in the chamber was 85.1 percent CHy,, 13.5 
percent C:He, and 1.4 percent Ne. The corresponding 
stopping powers were 0.86 for methane, 1.52 for ethane, 
and 0.98 for nitrogen. 

7G. Mano, J. de phys. et rad. 5, 628 (1934). 
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Fic. 1. The yield of neutrons from Be and H;?PO, targets 
when bombarded by deuterons. 


Two series of runs were made. In the first 
we measured only those proton tracks which 
made angles of less than 8° with the forward 
direction (for neutrons which came directly from 
the source). The bombarding potential in this 
series of runs was 0.5 MEV. Under these con- 
ditions we photographed approximately 1200 
recoil protons, 110 of which met our require- 
ments for measurement. The energy distribution 
of these protons is given in the lower curve of 
Fig. 2. This curve indicates that the neutrons 
are nearly homogeneous in energy with a maxi- 
mum of 2.55+0.10 MEV. We do not believe 
that the long tail on the low energy side of the 
maximum necessarily means that neutrons of 
this energy come from the source; it is at least 
partly due to scattered neutrons which made 
large angle collisions with protons and projected 
them in a direction such that they were 
measured. 

The second set of data was obtained from 
photographs which had been taken in the excita- 


INTERVALS 


NUMBER OF RECOIL PROTONS 
IN Of MEV 
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Fic. 2. The energy distribution of the recoil protons 
projected in the forward direction. 
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tion curve experiments. In this series of runs the 
chamber was so close to the target that the direc- 
tion of the neutrons was not well defined. For 
this reason we could not investigate the entire 
energy distribution, but by measuring the long 
tracks we were able to get an independent value 
of the maximum energy of the neutrons. The 
distribution of the high energy protons so meas- 
ured is given in the upper curve of Fig. 2. 


DISCUSSION OF RESULTS 


When the neutrons are observed at right 
angles to the direction of the incident deuterons 
the energy of the neutrons is given by : 


En={Q+iEa, 


where E,, is the neutron energy, Q the energy re- 
leased in the disintegration, and Eq is the energy 
of the deuteron. 

When our bombarding potential was 0.5 MEV, 
a maximum of 0.125 MEV of this energy ap- 
peared in the kinetic energy of the neutrons 
emitted at right angles. Because we used a thick 
target and alternating current, disintegrations 
were effected by deuterons of all energies below 
the maximum. This gave the neutrons an energy 
spread of 0.125 MEV, with Q constant. A few 
neutrons which were emitted in a direction 
parallel to that of the incident deuteron beam 
made elastic collisions with little loss of energy 
in the 3 mm of brass which is directly below the 
target and so may have been scattered into 
the chamber. Such neutrons received a maximum 
of 0.9 MEV more energy than those emitted at 
right angles and so may have been responsible 
for a few tracks with energies greater than 
2.55 MEV. 

The maximum energy of the neutrons as 
obtained from the first series of runs is 2.55 
+0.10 MEV, and from the second series is 
2.62+0.10 MEV. The corresponding Q’s are 
3.2340.13 and 3.19+0.13 MEV. Dee and 
Gilbert® have obtained the energy of the short 
range 2He* particles which are produced in the 
same disintegration and from this energy have 
calculated that Q is 2.8+0.2 MEV. 

From the energy released in this disintegra- 
tion, one can calculate the mass of ,He*. Using 
the values Q=3.2 MEV, ,H?=2.0142, and on! 


8 Dee and Gilbert, Proc. Roy. Soc. A149, 200 (1935). 


= 1.0086, we obtain 3.0164 for the mass of He’. 
This is smaller than the value 3.0172 calculated 
by Oliphant, Kempton and Rutherford’ from 
the disintegration of lithium by protons: 


3Li®+ iH 1_, Het + oHe’. 


It is not clear whether the disagreement is to 
be attributed to experimental errors or to the 
fact that the other masses involved in the calcu- 
lation are not well enough known. 

In conclusion, we wish to thank Professor C. 
C. Lauritsen for valuable suggestions and the 
Seeley W. Mudd Fund for financial support. 


Note added in proof: In view of the discrepancy in the two 
calculated masses of He* and the disagreement in the 
He*/H? ratio as determined by Bainbridge and by Aston by 
means of the mass spectrograph, it seems advisable to cal- 
culate the mass of the deuteron from disintegration data. 
The ratio He*/H? can be found by solving the first four of 
the following equations for the mass of the deuteron 


1H? +H? =,He*+ on'+-3.21+0.13 MEV. 
3Li$+,H! =,He*+.He*+3.6+0.1 MEV. 
3Li®+),H? = 2,He*+22.06+0.07 MEV."° 
1H?+ Av =,H!+ on! —2.26+0.08 MEV." 
3Li®+ on' =,Het+;H*?+4.6+0.2 MEV." 
)H?+,H? =,H*+,H'+3.97+0.02 MEV.'° 


We get the relation ,H? = }(He*+23.93+0.20 MEV). This 
relation toegther with a standard He* mass of 4.00336 
gives a mass of the deuteron equal to 2.01458 +0.00010; 
this value is considerably higher than Bainbridge’s value 
2.01423. A check on this mass of the deuteron is obtained 
by solving the last four of the equations for the mass of the 
deuteron. Here we get the relation ,H*= }(He*+23.69 
+0.23 MEV) or a mass of 2.01440+0.00012 which is also 
higher than 2.01423. From these two results we get a mean 
disintegration mass of 2.01449+0.00009 which is nearly 
the same as Aston’s value 2.01443 when referred to the 
He =4.00336 scale; with such a deuteron mass the dis- 
crepancy in the two calculated masses of ,He* disappears. 

If this mass of the deuteron proves to be more nearly 
correct than the old mass, then the masses of the other 
elements will be affected by such a change. If we use Bain- 
bridge’s mass spectrograph ratio of He*/H! we can calcu- 
late the masses of the other elements appearing in the 
above set of reactions. The best values obtained are: 


1H* = 3.01664 +0.00010 
eHe® = 3.01674 +0.00014 
oHe*t = 4.00336 (standard) 
3Li® = 6.01593 +0.00011. 


on' = 1.00885 +0.00010 
1H! = 1.00807 +0.00002 

(mass spectrograph) 
,H? = 2.01449 +0.00009 


® Oliphant, Kempton and Rutherford, Proc. Roy. Soc. 
A150, 241 (1935). 

1° Oliphant, Kempton and Rutherford, Proc. Roy. Soc. 
A149, 406 (1935). 

tN, Feather, Nature 136, 468 (1935). 

12 Chadwick and Goldhaber, Nature 135, 65 (1935); 
Taylor and Goldhaber, Nature 135, 341 (1935). 
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The yield of alpha-particles in the bombardment of 
lithium with protons is calculated for different depths and 
widths of the ‘‘potential well.’’ It is found that agreement 
with experiment can be obtained either by using the part 
of the incident wave having an angular momentum L=0 
or the part having L=1. For the first condition with a 
radius of 0.35X10-" cm one needs a ‘‘potential well” 
about 35 MEV deep. For Z=1 and the same radius a 
‘‘well’’ about 21.5 MEV is needed. The latter depth fits in 
nicely with approximate estimates of this depth from 
nuclear binding energies. The calculations are made more 
carefully than is customary in the usual type of potential 
barrier penetration consideration. It is found that this is 
necessary and that even the order of magnitude of the 
collision cross section requires the more accurate type of 
calculation. The influence of the depth and width of the 
‘‘potential well’’ is found to be pronounced and it is found 
possible to vary the shape of the excitation curve as well 
as the absolute value of the cross section by changing the 
depth and width of the ‘‘well.”” For energies sufficient to 
allow the proton to slip over the potential barrier classi- 
cally, the collision cross section may increase or decrease 
with the energy depending on the ‘‘well.’”’ Thus the satura- 


HE disintegration of lithium into two alpha- 
particles under proton bombardment was 

observed by Cockcroft and Walton' and the 
data were later extended to higher energies by 
Henderson.? Recently careful measurements of 
yields in thick as well as thin targets were made 
by Herb, Parkinson and Kerst.* According to 
these recent observations the yield of protons in 
thin targets increases steadily up to 400 kv. 
Measurements made up to 1000 kv by Hafstad 
and Tuve* show that here also the yield increases 
with the voltage. In this respect the data of 
Herb, Parkinson and Kerst as well as that of 
Hafstad and Tuve contradicts the observations 
of Henderson. In terms of the usual theoretical 
interpretation the results indicate that the po- 
tential barrier is not reached below 1000 kv. 

1J. D. Cockcroft and E. T. S. Walton, Proc. Roy. Soc. 
A137, 229 (1932). 

2M. C. Henderson, Phys. Rev. 43, 98 (1933). 

3R. G. Herb, D. B. Parkinson and D. W. Kerst, Phys. 
Rev. 48, 118 (1935). 

4L. R. Hafstad and M. A. Tuve, Phys. Rev. 48, 306 


(1935). We are indebted to thé authors for informing us of 
their results before publication. 


tion of the yield with the voltage is not a good measure of 
the height of the barrier and of the nuclear radius. The 
position of stationary and resonance levels is found to be 
important for the shape of the excitation curve. The effect 
of the decay of the incident wave inside the nucleus is 
estimated and is found to be small in the present case. 
The asymptotic form of the dependence of the collision 
cross section on velocity at low velocities is const. xv~? 
exp { —2%ZZ'c/‘‘137"'v} within the limitationsof the present 
theory. Estimates of the theoretically expected variation 
of the yield with velocity are made for Li7+H? and com- 
pared with the experiments of Oliphant, Kinsey and 
Rutherford. A correspondence between different nuclear 
reactions is established by means of which one can use 
calculations for one reaction to obtain yields for another 
reaction with a corresponding ‘‘potential well.”” The 
‘potential well” necessary for the quantitative representa- 
tion of the alpha-particle reaction is compared with the 
mass of Be’. It is found possible to fit both requirements 
by attributing the alpha-particle reaction to L=0 and 
the formation of Be® from Li’ to the addition of a proton 
into a p level. 


It is tempting to connect these results with 
Goldhaber’s discussion® of the relative improba- 
bility of this reaction because according to him 
the reaction can be reasonably attributed to 
incident protons having an orbital angular mo- 
mentum L=1 (in units #) and because the 
barrier for L=1 is appreciably higher than that 
for L=0. It is also of interest to know to what 
extent collision processes due to incident par- 
ticles having Z = 1 are less probable than collision 
processes due to incident particles having L=0 
and colliding “head on’ with the bombarded 
nucleus. It is supposed by Goldhaber that the 
L=0 part of the incident wave is much more 
likely to produce a disintegration than the L=1 
part and it would be very nice and simple if 
one could always use this point of view. 

The probability of nuclear reactions is usually 
discussed® in terms of the following factors: 
(a) The probability that the bombarding particle 


5 M. Goldhaber, Proc. Camb. Phil. Soc. 30, 561 (1934). 


6 J. D. Cockcroft, International Conference on Physics, 
London (1934). 
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should perform a nuclear collision (this proba- 
bility is usually computed by assigning to the 
process a collision cross section of the order of 
the square of the wave-length of the incident 
particles); (b) the probability that, once a 
collision within the area of the collision cross 
section takes place, the particle penetrates 
through the potential barrier; (c) the chance 
that once the particle penetrates through the 
barrier, a disintegration takes place. In terms of 
this description of the process one would expect 
the L=0 part of the incident wave to be more 
effective than the part represented by L=1 and 
one would further expect the process to reach 
saturation once the incident particles have an 
energy higher than the top of the barrier. 

The incident particles must be supposed in 
many cases to be subjected to an attractive 
field of force when they are inside the bombarded 
nucleus because, for example, in the bombard- 
ment of Li by protons the final product of two 
alpha-particles is produced as a result of the 
binding of the incident proton into a H*® com- 
bination in the Li’ nucleus. The influence of the 
attractive forces can be treated schematically by 
means of a ‘‘well’’ in the potential. The influence 
of such a “‘well”’ is not taken care of by the usual 
description of the collision process. It is desirable 
to have a discussion in which this influence is 
taken into account. In order to do so we discuss 
below the same problem from a different point 
of view which is more closely related to a 
straightforward solution. 

It is supposed in the calculations presented 
here that the incident particles can be treated 
as a wave incident on the bombarded nucleus. 
As usual the density of the particles can be 
represented by the square of the absolute value 
of the wave function y. The total chance of 
finding the particle inside the bombarded nucleus 
is {| ~|2dz and can be calculated for any assumed 
form of the potential energy. The number of 
disintegrations per second is assumed to be 
Pf|y~\|%dr where P is a constant characteristic 
of the colliding particles and of the end products 
of the reaction. The constant P may be described 
as the chance per second that a disintegration 
should take place when the incident particle is 
in the bombarded nucleus. Its order of magnitude 
may be roughly estimated as the relative velocity 


of the disintegration products divided by the 
nuclear radius and multiplied by the trans- 
parency of the potential barrier for the dis- 
integration products. This point of view is 
closely related to the discussion in Chapter IV, 
§2 of Gamow’s book.’ One can justify it by a 
more general discussion in which the nucleus 
and the colliding particle are considered as a 
many-body problem.® 

The essential limitations on the method from 
the point of view of the general wave equation 
for the composite parts of the nucleus are: 


(a) It is sufficient to consider the wave function as 
represented by a sum of the functions representing the 
initial and final state. 

(b) The wave functions representing the final state do 
not change appreciably with the velocity of the incident 
particles. This condition is satisfied if the energy liberated 
in the reaction is large compared to the incident energy 
and may be expected to be satisfied for Li7+H'~He‘+ Het. 
This condition is not satisfied even approximately if the 
disintegration products separate with an energy which 
corresponds to a resonance level for their mutual potential 
energy.’ In such a case we may speak of resonance to the 
disintegration products and it is possible that the resonance 
observed for the y-rays from Li under proton bombardment 
is of this type. It would then be attributable to the 
formation of one normal and one excited a-particle. The 
maximum energy of the rays is according to Crane, Del- 
sasso, Fowler and Lauritsen™ nearly equal to the energy 
available in the formation of the 8 cm a-particles. We 
may provisionally suppose with these authors that in the 
emission of y-rays one of the particles is excited to a level 
about 16 MEV high and the kinetic energy of the two 
particles is therefore small. The smallness of the kinetic 
energy is favorable for sharp resonance. Estimates show 
that a kinetic energy of about 500 kv would correspond 
approximately to a half-value breadth of 80 kv and this 
half-value breadth is sensitive to the kinetic energy. It is 
also possible that an excited Be® nucleus is formed. It is 
thus not necessary to consider the resonance to y-rays in 
connection with the yield of 8 cm a-particles because the 
process involved may be essentially different. 

(c) The weighting of the function which represents the 
incident particle is not important. The point is that this 
function enters the expression for the collision cross section 
through the matrix element of the interaction energy. It 
is thus weighted through the nucleus by quantities which 
involve the interaction energy and the wave function of 
the final state. It is laborious to make calculations with 


7G. Gamow, Nuclear Structure and Radicactivity. 

§ Appendix I. (Justification of method used from point of 
view of many body problem.) 

eas) R. Hafstad and M. A. Tuve, Phys. Rev. 47, 507 
(1935). 

* Crane, Delsasso, Fowler and Lauritsen, Phys. Rev. 
46, 531 (1934); 47, 410 (1935). 
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the matrix element and attempts to do so show that the 
results are sensitive to assumptions about the interaction 
energy as well as assumptions about the state and con- 
stitution of the bombarded nucleus and the final products. 
In the present state of relative ignorance about the state 
of the particles inside nuclei it was felt desirable to have 
calculations in which the weighting of the incident wave 
is neglected. By doing so, one introduces in P an arbitrary 
adjustable constant and loses definiteness of theoretical 
prediction, but one gains freedom from special assumptions 
about nuclear binding forces. 

(d) It is assumed that one may neglect the absorption 
of incident particles due to the fact that they cause dis- 
integrations.” This restriction would make the theory 
inapplicable if the nuclear diameter and P were large. 
The incident wave would then decay approximately 
exponentially inside the nucleus and calculations neglecting 
the effect of such a decay would be invalid. It is complicated 
to try to fit experimental material by taking this effect 
into account in all of the calculations. It is simpler to first 
neglect the effect of absorption on the incident wave and 
to derive from comparison of theory and experiment a 
value of P. The calculations can then be repeated with 
this value of P and the experimental data fitted by suc- 
cessive approximations. This is the plan followed below 
and the corrections due to absorption are found to be 
negligible in the case considered. 


In standard notation an incident plane wave 
e*2 = (r/2p)'>)(2L4+1)i"Pr(cos 0)J144(p) (1) 
0 


is modified by the Coulombian field of the 
nucleus into 


oD 


> (2L+1)i"P1(F1/ pei. (2) 


0 


Here k= yv/h where u = reduced mass, v= relative 
velocity; p=kr with r=distance between col- 
liding particles; P,;=Legendre polynomial of 
order L; Jr,,;=Bessel function of order 1+}. 
The function F, is the regular solution of 


[d?2/dp?+1—2n/p—L(L+1)/p?]F.=0, (3) 


where n=1/ka, a=h?/uZZ'e?, Ze, Z'e are the 
charges on the particles and e is the electronic 
charge. The function F, is normalized so as 
to be asymptotic for large p to a sine wave with 


10 The possible importance of this factor was emphasized 
by Fermi in a colloquium of the Ann Arbor 1935 summer 
school where some of the present results were discussed. 
Weare very grateful to Professor Fermi for this and several 
other valuable discussions. 


unit amplitude. We also use G, which is asymp- 
totic to a cosine wave with unit amplitude. 
The constant o, depends on & but not on p and 
drops out in the present application. The nuclear 
well inside the nuclear radius 7) modifies the 
function F, into F, which also satisfies (3) for 
r>ro and satisfies 


[d2/dp?+1+2U/mo?—L(L+1)/p*]F.=0, (3’) 


where U is the depth of the “well” for r<7ro. 


Fi =[F1/(1—FiG161—iF 1°61) Jrant, m 
( 


b.= (Fy’, ‘Fy, = Fy! Fi) r=19: 


where wu is the regular solution of (3’) normalized 
so that u(ro)=1. Replacing Fz, by Fz in the 
expression (2), one can calculate the probability 
of disintegration on the assumptions already 
discussed. The effective collision cross section is 


then found to be 
o=(A#/m)PSOL+1) f Fitdr (5) 
0 0 


or 


4nPro> o (2L+1)(F12/p?)uz? 


v 0 (1—F1,G18,)?+F 14512. 


om nf 
wi=—| uzdr. (6) 
Tovo 


In the last formula F;, Gy are supposed to be 
taken at r=ro. Formula (5) is reminiscent of 
the procedure used by Cockcroft. In it A=h/yv 
occurs in the combination A?/r7 and one may 
treat this factor separately. The quantity F,? 
under the integral sign depends on the trans- 
parency of the barrier to the incident waves. 
It will be noted, however, that the integral in 
Eq. (5) brings in the nuclear radius ro so that in 
addition to the usual factors there is present a 
factor Pro/v which has the significance of the 
chance of a disintegration due to a sojourn of the 
proton during a time 7o/v in the nucleus. It is 
not present in the usual discussions and brings 
in an additional factor 1/v into the velocity 
dependence of ¢. It should be also remembered 
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Fic. 1. L=0, ro =0.347 X 10-" cm, U=0, 4.292, 10.00, 15.88 
MEV, p/ak =0.316. 


that the integral in Eq. (5) is a function of the 
velocity quite apart from the penetrability of 
the barrier. Thus for Z =0 and in the absence of 
a “nuclear well’? one can approximate Fy by 
Cop, Co=[24n/(—1+exp 22m) ]'. The factor Cy 
for large 7 [small energies |] represents something 
like the penetrability of a one-dimensional 
barrier on account of the presence of exp (277). 
In addition Cy contains (2x)! which varies as 
v~'. Finally p varies as v. The integral in Eq. (5) 
thus varies roughly as v exp (—2zm) and the 
cross section as v exp (—22n). This rough 
estimate thus leads to the type of velocity 
dependence used by Cockcroft. The reasons for 
the dependence are seen, however, to be different 
inasmuch as both the factors (277)! and p/r=v 


are not usually considered. In this limiting case 
of small ro and “‘no well” one has approximately 
due to L=0 


o =(4Pro/3v)rro?(2an)/[ —1+exp 277}. (7) 


| 
= 


This formula shows that there is not very much 
point in speaking of A® rather than r,° deter- 
mining the order of magnitude of the cross 
section."" The factor zr? present in (7) shows, 
as one would expect, that o vanishes with fo 
which is not the case in the method used by 
Cockcroft. On the other hand, the velocity 
dependence is the same in the two methods to 
within the limitations of Eq. (7). 

The nuclear radius and the wave-length of the 
protons inside a reasonable ‘‘potential well” are 
of the same order of magnitude and the approxi- 
mation of Eq. (7) is very poor. In applications to 
experimental material it is found necessary to 
use Eq. (6). According to Goldhaber it is probable 
that nuclear reactions are due to at most a few 
values of L. The contributions due to different L 
are, therefore, treated separately and the dis- 
cussion in Appendix I shows that the values of P 
which can be expected to correspond to different 
L from the point of view of the many-body 
problem are different. The contribution to o due 
to an individual L is denoted below by o_. 

The denominator of an individual term of the 
summation in Eq. (6) determines the proximity 
of resonance.” Thus for small energies F*é is 
small and there is a maximum in o, whenever 
1—FGé=0. The function F is in this case 
identical with G. For large energies F*é is of 
the same order of magnitude as 1— FGé and one 
has no sharp resonance under these conditions. 
Nevertheless the variation of o, with velocity 
may be strongly affected by having a blunt 
resonance at high energies. By arranging the 
“potential well’’ in this manner one can decrease 
the ratio of o, at low velocities to o, at high 
velocities without introducing a pronounced 
resonance peak. Again by properly arranging the 
depth and width of the potential well it is 


1 Cf. G. Breit, Phys. Rev. 34, 817-818 (1929) for a very 
similar formula ¢ = 2f2(24n)/[—1+exp (24m) ] which ap- 
plies for small ro on supposition that the flux of particles 
through the nucleus determines the probability of dis- 
integration. The difference of a factor v is due to the fact 
that at present the density is used instead of the flux. 

2G. Breit and F. L. Yost, Phys. Rev. 48, 203 (1935). 
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Fic. 2. L=0, ro=0.347 X10-" cm, U=25, 30, 35 MEV, 
p/ak =0.316. Single line to the left of 354 kv is for U=35 
MEV. 


possible to produce the opposite effect of in- 
creasing the ratios of the low velocity values of 
a, to the values at high energies. This can be 
accomplished by arranging for a stationary level 
to lie slightly below the level of zero energy. 
The effect is then very similar to what one would 
have if there were resonance at very low energies. 
Both of these effects are obvious in the curves 
showing the theoretical dependence of o, on 
the energy reproduced above in Figs. 2 and 3. 
The theoretical value of oz for fixed P can be 
varied by orders of magnitude by changing the 
depth and width of the “‘well’’ without intro- 
ducing pronounced resonance in the experi- 
mental region. It is thus at times rather unsatis- 
factory to speak of reactions as “probable” or 
“improbable”’ in the manner of Goldhaber unless 
one specifies a given width, depth and shape of 
the ‘“‘potential well.” 
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Fic. 3. L=1, ro=0.347 X10-" cm, U=0, 15.88, 21, 22, 23, 
25, 35 MEV.; p/ak =0.310. 


Calculations with Eq. (6) are somewhat labo- 
rious and it is often desirable to have a more 
convenient formula. For L=0 one can obtain 
such a formula by neglecting the ‘‘well’”’ alto- 
gether, i.e., by supposing that the inverse square 
field applies everywhere. The nuclear radius has 
then only the significance of defining a sphere of 
action within which the incident particle is 
effective in producing disintegrations. In the 
notation previously used™ 

Fy = Cop®o ; o? = 2an/[e***—1 ]. (8) 


Introducing this into Eq. (5) one has to perform 
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an integration involving %,°. For low energies 
&) can be approximated™ by 


@y) 2J (ix) / (1x 2)=4); x=(8pn)!=(8r/a)!, (9) 


where J; is the usual Bessel function. This 
approximation is fair even if one approaches 
energies in the neighborhood of the barrier 
energy for given r. Integrating one finds 


o = (44 Pro'/3v)Co"f, (10) 


where . 


f= |21i(x)/x|*— | 272(x)/x!?, (11) 


where the J are the usual Bessel functions of an 
imaginary argument. For work with tables given 
in Watson’s Bessel Functions it is convenient 


to use 


f =(21,/x)? —(2/x)?(1o—21,,/x)?. (11’) 
A few values are given in Table I. 
TABLE I. 
x 1.0 1.2 1.4 1.6 1.8 2.0 
f 1.20 1.30 1.43 1.59 1.80 2.04 





mr Pr32?4+3(r/a)?4(Fr'/Fr—Gr'/G1)*u1? 9 


(2L)"2L-+1)\(Fi!/F.—Gi'/Gi)? 0 


o_L™~ 


i) 
~ 
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For use of the tables of © being prepared for 
publication" it is convenient to express f in 
terms of @o, ®;. One has 


f=,?—(r, 2a) (4) —(r/3a)#,)?. (11’’) 
Substitution of numbers gives Table II. 
TABLE II. 
f /de? 0.778 0.742 


0.892 0.869 0.844 0.814 
14 si. 


logio (r/a) 5 1.6 1.7 1.8 1.9 


(The third figure is not quite certain in these 
ratios.) Similar formulas can be worked out for 
L=1. In the approximation of Eq. (10) one 
obtains the same velocity dependence as by 
means of Eq. (7). The absolute value can be 
estimated more accurately by means of Eq. (10). 
Numerical trial shows that Eq. (10) gives a 
velocity dependence of o and absolute values 
similar to those obtained from Eq. (6) for U=0. 
It is good only as a starting point. 

For very low energies (y>L) the velocity 
dependence for all Z becomes the same in the 
general case. The asymptotic form of a, is then 


e727, (12) 


The first fraction approaches a constant value because pF’/F, pG’/G, pF’/ F as well as u,? approach 


constant values. 


The effect of absorption of incident protons within the nucleus can be estimated by using a wave 


equation with a complex potential energy 


Av+ (2u/h?)(E—V+i1hP/2)y=0. 


(13) 


Here E is the energy, V is the real part of the potential energy, and the extra term in P was added so 
as to represent absorption. It follows from this equation that 


(h/2ui) div \y*vy—Wwy* ]= —Py*y. (14) 


Particles may be said to disappear at the rate Py*y per unit volume and per unit time. For L=0 


and a constant V Eq. (13) gives 


2n(P; v)[.Sh ky'’-—s ko | 
|b’ | 2(Ch+-c)(G?-+ F*) +k(Ch—c)(G? + F”) —2ks{ ko! (GG' + FF’) +hy’] 


where 


k! =ko' +1ky’ =(2u h*)'‘(E— V+ithP/2 }}, 
Sh=sinh 2ky'ro, 


Ch = cosh 2ky'ro, 


(15) 
—2kSh{ ky’ (GG' + FF’) —ko'] 
(15’) 
c =cos 2ko' ro, § =sin 2ko' ro. (15’’) 


8 F.L. Yost, John A. Wheeler and G. Breit in preparation for publication. 
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For very low energies the terms in G? and GG’ predominate strongly and one has the asymptotic 
form 


2a[Sh/$1—s/F0}(Pro®/v)(F*/p?)(FG/p)* 
£*(Ch-+-c) + (Ch—c)(pG’/G)* — 2¢0s(G"/G) —251Sh(pG'/G)’ 





(16) 


fo=ko'ro, S1=hki'ro, S=|fotihs |. (16’) 


Comparing this with Eq. (12) the asymptotic dependence on the velocity for very low energies is 
seen to be the same because FG/p, £0, £1, pG’/G approach finite limits. The factor in Eq. (16) which 
contains the main velocity dependence is F?/vp? which for L=0 behaves as the (n/v) exp (—277) 
of Eq. (12). The argument applies also for V=0. Eq. (12) behaves as usual while in Eq. (16) the ¢ 
approach finite limits f9o= {1=70(uP/2h)' so that Sh/¢:—S/{o does not vanish as long as P+0. Thus 
in the limit of v0 the dependence v~* exp (—27m) may be expected to apply with and without 
absorption. The quantity Pro/v is therefore not the primary determining parameter for the applica- 
bility of Eq. (6) to the velocity dependence as one is tempted to suppose. 

It is instructive to consider the special case of ZZ’=0 which corresponds to neutron capture. 
Instead of Eq. (15) we now have 


o = 2n[Sh/ky' —s/ko' \(P/v)[|k’ | *(Ch+c)+k2(Ch—c) —2kki’'s+2kko' Sh}. (17) 
For very low velocities and vanishing V, ko’?=k;’*=yP/2h and 
o~(2rh/pvk,')(Sh—s)/(Ch+c). 
If on the other hand, P-0, V is finite, and v—-0 
o =2rky*(1 —s/2koro)(Pro/v)/cos? koro. (17’’) 


Here also the velocity dependence is the same for very low velocities and the cross section varies as 
1/v with or without absorption. According to Eq. (17’) high values of P give small o for small v which 
is just the opposite of the behavior without absorption given by Eq. (17’’). This is due to the fact 
that a large absorption shifts the phase of the sine curve for F towards zero at the nuclear boundary 
and thus decreases the absolute value of F at ro. These special cases indicate that the influence of 
absorption of the incident wave is more likely to show itself in the dependence of ¢ on P than on »v. 
In connection with the discussion of experimental material numerical calculations made by means of 
Eq. (15) will be presented and it will be seen that in the special case considered the effect of absorption 
is not important. 





DiscUSSION OF EXPERIMENTAL MATERIAL element enters in the range of protons in a solid 
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on kinetic energy, the number of disintegrations 
per proton is 


T 
Y=Nxoe, 3=(3/2)T4f o(T)T'dT, (18) 
0 


where o(7)=collision cross section for kinetic 
energy 7; x= range of protons at kinetic energy 
T; N=number of Li’ nuclei per unit volume of 
target. Nxo can be obtained by comparison of a 
standard material (oxygen) with the stopping 
power of Li. Using the stopping powers of 
Ne, Oz, H2O, COs, H:2 relative to oxygen, as given 
by Rutherford, Chadwick and Ellis, one obtains 
0.948 for the stopping power of air relative to 
oxygen. From the Cavendish laboratory graphs 
the range of protons in air at 2 MEV=7.2 cm. 
Using these numbers and 0.519 for the stopping 
power of Li relative to oxygen, one finds Nx» 
= 6.03 x 10"* at 400 kv. At this voltage the num- 
ber of disintegrations caused by a single proton 
on a thick target® is Y=46.4x10-*. Hence 
¢=7.69X10-*8 cm? at 400 kv. From the thin 
target data of Herb, Parkinson and Kerst, the 
value of ¢/o was computed for 400 kv and was 
found to be 0.461 with a probable accuracy of 
1 percent. Hence at 400 kv, = 1.668 X 10-*? cm’. 
No correction was made here for the 1 : 12 ratio 
of Li® to Li’. From this o the thin target results 
of Herb, Parkinson and Kerst give values of o 
also for voltages down to 100 kv. The data of 
Heydenburg, Zahn and King were obtained for 
thick targets and were reduced by them to thin 
target data by differentiation. The use of these 
data thus presupposes the approximate validity 
of the 3/2 power range energy relation not only 
in obtaining the absolute value of o at one 
voltage but also in obtaining the relative values 
at different voltages. One should not attach 
therefore as much weight to this set of data as to 
the thin target experiments. 

The experiments of Hafstad and Tuve give 
preliminary values for the yield in a very thin 
film of lithium salts which probably had a 
negligible stopping power. We have summarized 
the data in Table III. 

The number of significant figures is, of course, 
exaggerated in Table III both with respect to the 
absolute value of 400 kv and the relative values 
at different energies. Extra decimals were kept in 
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TABLE III. Kinetic energy (T) of protons and collision cross 
section of (a). 








(T in MEV)~* 


T in MEV 





10%’ ¢ OBSERVER 
0.100 3.162 0.0503 HPK 
.150 2.582 -2061 
.200 2.236 .4692 
.250 2.000 .7693 
.300 1.826 1.070 
.350 1.690 1.367 
400 1.581 1.668 
.450 1.488 1.64 HT 
.550 1.347 2.21 
.625 1.264 2.70 
700 1.194 2.78 
1.050 .976 3.72 
.2125 2.170 .546 HZK 
1875 2.309 4395 
1625(?) 2.481 2258 
1375 2.697 1908 
1125 2.981 1008 
0915 3.306 04438 
0748 3.656 01787 
0584 4.138 006682 








the calculations only in order to avoid accumula- 
tion of errors. In the comparison of theory and 
experiment given in Figs. 1, 2, 3, 4, 5 the data of 
HPK are represented by closed circles, those of 
HZK by open circles and those of Hafstad and 
Tuve by circles, whose lower halves are black. 
The calculation of the theoretical values of ¢ was 
made with values of logioka=1.6, 1.7, --- 0.3 
and in some cases 0.4, 0.5. Computation for these 
values does not require interpolation of tables of 
Coulomb wave functions.“ Throughout the kin- 
etic energy of the bombarding particle was com- 
puted with 


T = 24.83mZ?Z" (ka)? kv. (19) 


Here m is the mass of the bombarding particle in 
terms of the mass of the hydrogen atom and the 
kinetic energy is expressed in kilovolts and Z, Z’ 
are the atomic numbers of the colliding particles. 
The nuclear radius is given by 


ro= 2.88 X10-"(p/ka)/(ZZ'/u) cm, (20) 


where yu is the reduced mass for the collision, also 
expressed in terms of the mass of the hydrogen 
atom. When the kinetic energy of relative motion 
is 


ZZ'e?/1)=49.66Z°Z"(u/muy)(ka/p) kv, (21) 
the incident particle has enough energy to slip 


over the barrier. The kinetic energy which the 
incident particle must have in order to clear the 
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Fic. 4. L=1, ro =0.347 X 10- cm; p/ak =0.316. 


barrier is (m/u)ZZ'e"/To, i.e., 
T barrier = 49.66Z°Z"(m/my)(ka/p) kv. (21’) 


Calculations for constant U (see Eq. (3’)) involve 
the use of the phase of the wave function for 
r=ry at r=7rpo. This is 


2=rol (2u/h*)(U+uT/m) }}. (22) 


Thus, e.g., for L=0, F=const. sin z for r<rp. 
The formula 


&=(2p/ka)'[U/(ZZ'e*/ro)+3hkap}' (23) 


combined with Eq. (22) is convenient for the 
calculation of z. 

A set of numerical calculations for protons 
colliding with Li or any other nucleus can be in- 
terpreted by means of Eqs. (19) . . . (23) to- 
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Fic. 5. L=0, ro=0.694X 10-2 cm, U=0, 15.88 MEV and 
Coulomb potential to r=0; p/ak =0.631. 


gether with Eq. (6) so as to give values of o for 
protons and deuterons colliding with any other 
nucleus provided the value of U is properly 
chosen. Thus keeping p and ka fixed the terms in 
the summation in (6) are left unchanged provided 
z is also kept fixed. In order that this be the case 
we must have the same values of U/(ZZ’'e?/r) in 
the two reactions according to Eq. (23). By Eq. 
(21) this is accomplished by keeping 


Uy 'Z1*Z)'-* = Usus'Z2*Z,'-*, (24) 


where the indices 1,2 refer to the two reactions. 
Collision processes in which this correspondence 
is maintained may be called corresponding 
processes. The only part of the formula for o 
which is different for corresponding processes is 
the factor Pro’/v. Values of o in corresponding 
processes which belong to the same ka may be 
called corresponding values. The ratios of corre- 
sponding collision cross sections at different 
voltages are thus the same for corresponding 
processes. The values of U which must be used 
for deuterons colliding with the same nucleus as 
protons in order to give corresponding processes 
are nearly twice those for protons. This is con- 
venient because the binding of a deuteron to a 
nucleus may be expected to be roughly twice the 
binding of a proton. 
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In Fig. 1 the values of logio o are plotted as 
ordinates and those of (7 in MEV)~! as abscissae 
for L=0, p/ka=0.3162, ro>=0.347 X 10-" cm and 
U=0, 4.292, 10.00, 15.88 and 40.00 MEV. In this 
as well as the succeeding figures P was adjusted so 
as to make the theoretical and experimental 
curves intersect at 354 kv. It will be noted that 
U=0 agrees fairly well with the experimental 
data. The agreement is not perfect and U=0 is 
presumably an unreasonable value because it 
allows for no binding of the proton to the Li’ 
nucleus. When U is increased the first effect is to 
spoil agreement with experiment. The values of 
U at low voltages become anomalously small as 
is seen from the curve for U=4.292 MEV. The 
maximum in o shows that this effect of increasing 
U can be attributed to resonance above the 
barrier. As U increases further the resonance 
level moves through the experimental region 
towards lower voltages and finally becomes a 
stationary level. This condition is shown by 
U=10.00 MEV. Here the expected yield is too 
high for low voltages on account of the fact that 
1— FGé decreases with the voltage. In order to 
obtain agreement with experiment the station- 
ary level must be moved down into the ‘‘well.”’ 
The effect of doing so is shown by U=15.88 and 
U=40 MEV. Relatively large changes in U 
are seen to be necessary to produce an appreciable 
effect. Fig. 2 gives similar curves for U=25, 30, 
35 MEV. Above 400 kv the theoretical values 
appear to be definitely too high. However, it 
should be remembered that the experimental 
values are not very certain in this region. We 
may thus consider the agreement as being moder- 
ately satisfactory. U=35 MEV appears to be the 
best fit. 

Fig. 3 shows similarly the condition for 
L=1. U=0, gives a too steep increase of « with 
velocity. The immediate effect of increasing U is 
to increase the disagreement between theory and 
experiment as is shown by U=15.88 MEV. This 
is due to the fact that a resonance level is moving 
down into the experimental region as U increases. 
The level is at T=0 when U=20.5 MEV. By 
adjusting U in the neighborhood of this value 
one can obtain a large range of variation in the 
dependence of ¢ on 7. Thus for U=21 MEV the 
deviation from experiment is in an opposite direc- 
tion from that at U=0. The experimental points 


FUNCTION 


are seen to be bracketed by U=21 and U=22 
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MEV. Fig. 4 shows a direct plot of o against T 
for the same conditions as Fig. 3. 

Calculations for radii r>=0.694 X 10-" cm and 
0.501  10-" cm were made for o for several values 
of U. The results are very similar to those given 
by the curves and can be foreseen by remember- 
ing that the important thing is the position of 
stationary and resonance levels. 

It will be noted from the above graphs that it 
is not proper to describe the problem only as one 
of penetration through the barrier. The depth 
and width of the “‘well” are seen to have a very 
pronounced effect and one may have a decrease 
of o with T at the barrier as well as an increase. 
The description of the disintegration phenom- 
enon by means of penetration through a barrier 
is particularly poor for high energies and it 
begins to be poor before the energy exceeds the 
barrier height. For a fixed P the order of magni- 
tude of the expected collision cross section varies 
with the “well.” Thus the values of (4Pro/3v) 
at 354 kv are as in Table IV for L=0, r9>=0.347 
<10-" cm and in Table V similarly for L=1. 
Comparing these values with the general slope 
of the curves for logio o against 7! it is seen that 
there is considerable parallelism between them. 
Thus for example for L=1 the 4Pro/3v is nearly 
the same for U=35 and for U=0 and the slopes 
of the curves are also nearly the same. Both 
effects are due to the distance of the experi- 
mental region from the stationary level. It is 
also obvious that one cannot, in general, con- 
sider a reaction due to L=1 as much less prob- 


TABLE IV. L=0. 






































4Pro/3t U 4Pro/ 30 
0 0.034 20 0.135 
4.29 .0028 | 23 .160 
10 .0153 | 25 .164 
15.88 .0820 | 27 .158 
18 lil 30 .134 
TABLE V. L=1. 

U 4Pr,/30 U 4Pro/ 30 
0 1.415 22 0.0225 
4.29 .887 23 .0453 

10 .359 25 114 
15.88 .0560 35 818 
21 .00755 
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able than for L=0. The variation of P for fixed 
L due to changing U can be just as important 
as the variation of P with fixed U due to 
changing L. 

For the radius r9>=0.347X10-" cm (p/ka 
=0.3162) the potential barrier is reached when 
T=1413 kv. It has already been pointed out 
that the shape and slope of the yield curves at 
the barrier varies with U. In order to show that 
this condition is not a characteristic of the radius 
used we give in Fig. 5 the theoretical yield 
curves for p/ka=0.631, ro=0.694X10-" cm, 
L=0. The barrier is reached in this case when 
T =709 kv which falls within the range of experi- 
ments of Tuve and Hafstad. For U=0 the yield 
goes on increasing at the barrier. For U=15.88 
MEV it decreases after the barrier voltage is 
exceeded. 

The effect of absorption of the incident waves 
discussed in connection with Eqs. (13), (14), 
(15) was estimated for L=0, U=15.88 MEV, 
ro9= 0.347 X10-" cm. According to Table IV the 
experimental value of the cross section of 354 
kv demands 4Pr,/3v=0.0820. The complex po- 
tential energy used in Eq. (15) is connected 
more directly with Pro/v; where 2; is the velocity 
which the proton would have classically inside 
the “‘well.”” For the Li7+H'!—He'+ He‘ reaction 
we have thus 4Pr./3v;=0.01134. This reaction, 
in the classification of Goldhaber, is an “‘im- 
probable” one. Compared with Li®'+H'!—He* 
+He' it is perhaps thirty times less probable. 
In order to have a more typical case we multiply 
the above value of 4Pr./3v; by 40 which corre- 
sponds to using Pro/v;=0.3435. We use this 
value for very small v and calculate the corre- 
sponding values for larger v. The formulas which 
determine the necessary quantities in Eq. (15) 
are: 


f1=hy'ro; 


fo=ko'ro; 


f= [R' |ro=(Foer+612)4; vs=hn/u (25) 


n°=2y(E—V)/h?; 2=xro (25’) 
o? = (2/2) {1+[1+(Pro/2v;)?}}} ; 
$1? = (2?/2){ —1+[1+(Pro/2v;)*}'}. (26) 


In Eq. (15) the difference of {9 from z and 
the difference of ¢,; from 0 determine the effect 


of absorption. A numerical calculation gives the 
following values: 











TABLE VI. 

T z fo v1 o/aab 
35.4 kv 2.852 2.857 0.1713 1.01 
89.0 2.857 2.862 .1710 1.04 
223.5 2.867 2.872 .1704 1.04 

354.2 2.877 2.882 .1698 1.04 
890 2.919 2.924 .1674 1.07 
2235 3.020 3.024 .1618 1.09 








The last column of the above table gives the ratio 
of o, the theoretical cross section neglecting the 
decay of the incident wave, to o,, the theoretical 
cross section taking this decay into account. 
The first values may be somewhat inaccurate on 
account of inaccuracies in the Coulomb functions. 
As the kinetic energy increases o,.» increases 
slightly in comparison with o. However, the 
effect is not serious and is usually too small to 
be of interest. It is thus likely that calculations 
neglecting the decay of the incident wave inside 
the nucleus are usually sufficiently good. It is 
not intended to say, however, that this will be 
always so. Small z and large Pro/v; will doubtless 
make the effect of absorption important and an 
estimate of its importance seems to be ad- 
visable. 

It is of interest to compare the deuteron re- 
actions on Li with the corresponding proton 
reactions. According to Oliphant, Kinsey and 
Rutherford® the increase with energy in the 
efficiency of the deuterons is more marked than 
that for protons. Thus according to their graph 
the deuteron yield is lower than the proton yield 
below about 120 kv and is considerably greater 
than the proton yield at 170 kv. This crossing 
over of the yield curves can be understood as 
the effect of the difference in velocity of protons 
and deuterons at the same voltage. The deuterons 
having the lower velocity, the exponent — 7ZZ'c/ 
“137"'v in the C, is larger in absolute value for 
deuterons than for protons and varies therefore 
more rapidly. For the lower range of voltages 
used by Oliphant, Kinsey and Rutherford the 
exponential factor in C, is the most important 
factor of o and a crossing over of the yield curves 
is thus to be expected. 


% Oliphant, Kinsey and Rutherford, Proc. Roy. Soc. 
Al41, 722 (1933). 
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According to the consideration of correspond- 
ing collision processes discussed in connection 
with Eq. (24) we would expect the graphs of 
Fig. 1 to apply to the deuteron reactions provided 
the abscissa (T>proton)~' is multiplied for each 
point by 2~-!'=0.707. The deuteron graphs are 
thus steeper than those for protons. The graphs 
of Fig. 1 (p/ka =0.3162) when applied to Li7+H? 
correspond to a nuclear radius of 0.195 X 10-" cm. 
This is appreciably smaller than the 0.347 x 10-" 
cm used for Li?7+H!. It is fairer to use a larger 
radius for the H? collision such as r9>=0.39 X 10-" 
cm which corresponds to p/ka=0.631. The yield 
curves corresponding to this radius for Li7+H!' 
are shown in Fig. 5. According to Eq. (24) 
Uproton = 15.88 is equivalent to Udeuteron = 28.2 
MEV. For such a well the factor by which the 
yield under deuteron bombardment should in- 
crease from 150 to 175 kv should be about 1.82 
while actually it is about 2.5 for the 10.3 cm 
absorber and 1.8 for the 2.7 cm absorber. It is 
presumably the latter value that corresponds to 
the Li?7+H! reaction and there is at least a rough 
agreement between experiment and theory. 
However, it is felt that a more careful study of 
the deuteron reactions would be proper. 

The value U=20 MEV for Li?7+H!', L=1 fits 
in reasonably with estimates from the nuclear 
binding energies. Using Wigner forces and sta- 
tistical considerations one would estimate 18 
MEV to be the value of U and roughly the same 
for Majorana-Heisenberg forces. This agreement 
may be partly accidental on account of the 
crudeness of the present theory as well as the 
theory of nuclear binding energies. 

The two possibilities L=0, U=35 MEV and 
L=1, U=22 MEV can be compared with the 
probable mass of Be*® which is approximately'® 
8.0071. With this mass, and Bethe’s masses for 
Li’ and H!, the energy liberated in the formation 
of Be* when a proton is captured by Li’ is 16.7 
MEV. If U=22 MEV this capture cannot occur 
into the stationary level with L=1 because this 
level is too high by 16.7—1.5=15.2 MEV. For 
this U the level with L=0 would be approxi- 
mately in the right position to give the 16.7 
MEV binding energy. However, this level of 


% Oliphant, Kempton and Rutherford, Proc. Roy. Soc. 
A150, 241 (1935). 
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Li’ is filled by two protons and the exclusion 
principle makes the addition of a third proton 
impossible. One can increase U so as to bring 
the second level for L=1 into about the same 
position as the first one is for U=22. This 
would give approximately the right dependence 
of the a-particle yield on velocity considering 
L=1 as responsible for the disintegration. How- 
ever, the required depth would be about 80 MEV 
which is unreasonably large. For U=35 MEV 
the a-particle yield dependence on velocity can 
be fitted by using L=0 for the proton and 
simultaneously the mass of Be* can be accounted 
for by supposing that Be® is formed through the 
capture of a proton into the first level with L=1. 
In Li? there is only one proton in this level and 
the addition of a second proton to form Be’ is 
possible and probable. The mass of Be*® thus 
indicates that U=35 MEV and L=0 for the 
proton should be used for the a-particle yield. 
According to Tables IV, V for this U the L=0 
process is more probable than the process for 
L=1 if P is the same. The angular momentum 
of the alpha-particles with respect to each other 
after disintegration must be /=2 if L=0 while 
it may be 0 or 2 if L=1. One generally supposes 
that /=0 is more probable than /=2. However, 
the wave-length of the relative motion of the 
alpha-particles is in this case of the same order 
as the nuclear radius and their kinetic energy is 
large. The two values /=0 and /=2 may be 
equally probable and there appears to be no 
general objection to regarding L=0, ]/=2 as the 
main process. It should be, nevertheless, re- 
membered that in this process the total orbital 
angular momentum of the particles is changed 
from 1 to 2. This change occurs simultaneously 
with a change of total particle spin from 1 to 0. 
The interaction between orbital and spin angular 
momenta must therefore be supposed sufficiently 
strong to make this interchange possible. Such 
an interaction is not necessary for L=1, /=0, 2. 

Briefly the above discussion indicates that one 
may suppose that there is only a weak interaction 
between orbital and spin angular momenta at 
the sacrifice of even an approximate agreement 
with the mass of Be® or else one may account for 
that mass but then one must suppose a strong 
spin orbit interaction. 
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APPENDIX I 


The collision of a proton with a Li’ nucleus and the 
subsequent formation of two alpha-particles can be treated 
schematically by thinking of three particles A, B, C. 
Particles A and B are thought of as being bound to each 
other initially, particle C collides with the combination, 
knocks out B and attaches itself to A. The combination 
A+B represents the Li’ nucleus and C represents the 
proton. A may be thought of as an H* combination within 
Li? and B as an alpha-particle inside the same nucleus. 
The combination A+C is then a newly formed alpha- 
particle recoiling from B. We introduce coordinates x4’, 
xp‘, xc’, i=1, 2, 3 for the three particles. We introduce also 


XBp—Xa=£,Xc—Xa=n, X =xXB— (Maxat+Mexc)/(Mat+Meo), 
y=xe— (Maxa+Moxp)/(Mat+Msz). (11) 
The energy of the system will be supposed to be the sum 


of the kinetic energy and of the potential energies Vc(n), 
Vas(t), Vac(n—£). Corresponding to the initial state of 





the system one can separate the wave equation in the 
variables £, » and the coordinates of the center of mass 
provided one neglects Vac, Vac. Similarly if one neglects 
Vas, Vac the wave equation can be separated in the 
variables n, x and the coordinates of the center of mass. 
Approximately the wave function can be represented for 
the initial state as o(£)go(y). Here o represents the initial 
state of relative motion of A and B while go(y) describes 
the state of relative motion of B with respect to the center 
of gravity of A and B. Similarly the final state can be 
represented by Wm(n)fm(y). Here the index m refers to 
different possible final states. The wave function can be 
expanded into a linear combination of ®,()ga(y) and 
Wm(n)fm(y). It will be supposed that the coefficient of 
o(=)go(y) is much larger than the coefficients of the other 
functions and also that in determining the coefficients of 
the other functions one may neglect all coefficients except 
that of o(t)go(y). On these assumptions one finds 


[Ty +£o&§—E+ fo*(t)[Vacly+at) + Vec(y+ (q—1)E) Hoo(E)dE ]go(y) =0, (I 2) 


CT: +Em"—E+ Sm" (n)[Van(x+ (1 —p)n) + Vac(—x+pn) Wm (n)dn] fm (x) 
+ S¥m*(n)[ Vacln) + Vec(pn—x) — { SP0*(€)[ Vac(y+at) + Vac(y+ (q—1)E) Hoo(E)dE} y--ersen] 
o(x+ (1—p)n) go(—gx+sn)dn=0, (I 3) 


b=Ma/(Mat+Mc), ¢g=Me/(Ma+Msz), s=1—q+hq (I 4) 


and where 7,, 7; are the kinetic energy operators for the 
relative motions represented by y, x; E=total energy; 
Eo, En" are the energies of internal motion represented 
by & ». Eq. (12) determines the function go(y). The 
potential energy is a properly taken average of Vac+ Vac 
over the initial state of the combination A +B. Eq. (I 4) 
is an inhomogeneous equation which allows one to deter- 
mine fm. By the method of Chapter VI of Mott and 
Massey’s book on The Theory of Atomic Collisions one can 
obtain f, by analyzing it and the integral involving go in 
(I 4) into a series of spherical harmonics and then deter- 
mining the coefficient of each spherical harmonic (a radial 
function) in the expansion of f, by an integration over 
the radius (x,?+-x,?+.;?)!. The asymptotic form of this 
coefficient for large radii is proportional to the result of 
multiplying the / dy in (I 4) by the regular normalized 
solution of the radial homogeneous equation for fm [ob- 
tained by omitting fd» in (I 4)] and then integrating 
over x. Thus go enters into the expression for the asymp- 
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totic form of f, under /dy and is weighted in accordance 
with operations just described. The expected dependence 
of « on go is therefore more complicated than a simple 
proportionality to the integral of | go|* through the interior 
of the nucleus. Qualitatively the difference of the approxi- 
mation used from the more exact result given by (I 4) 
cannot be significant as long as the shape of | go|? through 
the nucleus does not vary much with bombarding voltage. 
If go becomes large on account of resonance as determined 
by Eq. (12) fm will also be large. Similarly, if the regular 
normalized solution of the homogeneous equation for a 
radial part of f, shows resonance at the energy E—E,,”, 
the solution of (I 4) for f, will be large and we have then 
resonance to the disintegration products which may be the 
explanation of the resonance for y-rays from Li?’+H!. 

Numerical estimates show that one may treat Eq. (I 4) 
approximately by passing to the limit Ms—~~, p=1, 
q=0, s=1. In this case Vac does not enter into the {dn 
in (1 4). For a spherically symmetric @o and Vac=e?/rac 
one has 


(I 5) 


1 1 
Solve, —— r ~Sa'<cl o(B’) |*drg,— Se>cl | Po(B’) |?/ra dra; Sp=ri4/n**, r2>11; (ri, 12) = (rz, rc) or (re, re). 
2 fc 


The indices B, C here indicate that one uses the coordinates 
of particles B, C and pp=karg, pc=kerc where kp, ko are 
the values of k for B and C; the functions Fz, F,° are 
analogous to F of Eq. (3’). The example of Eq. (15) 
shows that F° enters into cz in essentially different ways 
for different Z because Sz, Fy? vary with L. We thus 
expect P to vary with L. 

From the above formula (I 5) one finds that if @ and ¥ 





are each of the form e~/2" and if F¢ is small in the nucleus 
then o is proportional to R* for L=0 and to R* for L=1, 
Besides, the value of the matrix element depends on the 
overlapping of wave functions. Thus the cross section is 
quite sensitive to the nuclear radius and relatively small 
changes in assumptions about the state of the nucleus may 


account for large changes in the values of P. 
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Angular Distribution of the Products of Artificial Nuclear Disintegration 


JosepH GIARRATANA AND CorNELIuS G. BRENNECKE, Department of Physics, New York University, University Heights 
(Received October 3, 1935) 


Measurements were made of the angular distribution of 
the alpha-particles emitted during the disintegration of 
lithium (7) by fast protons. The protons were generated 
in a low voltage arc and accelerated down a three-section 
vertical tube by potentials obtained from a rectifying 
and doubling system. The bombarding beam was analyzed 
by an electromagnet, defined by a series of circular slits, 
and allowed to impinge on the target in a special chamber 


designed to permit observation of the particles at positions 
spaced by 15° in the plane of the beam. The alpha-particles 
were recorded by an ionization chamber which actuated a 
linear amplifier and oscillograph. Readings taken at three 
voltages between 200 and 240 kilovolts indicate that within 
the limits of experimental error, estimated as approxi- 
mately eight percent, emission of alpha-particles is random 
in direction. 





INTRODUCTION 


N the observation of disintegration phenomena 

it is usually possible to observe only the 
particles coming from the target within a rela- 
tively small solid angle. The total number of 
particles emitted is then obtained by multiplying 
the number actually observed by the ratio of 47 
to the solid angle through which measurements 
are made. This is not without justification, for 
Kirchner,' observing the yield at various angles 
by means of cloud-chamber photographs, re- 
ported the probability of emission to be the same 
for all directions between 80° and 160° with the 
incident beam. Kirchner, however, gives no 
information as to the constancy of voltage and 
ion currents in his experiments, nor does he give 
any estimate of the absolute accuracy of his 
result other than to say that the fluctuations 
observed lie within the statistical limits of error. 
In view of the fact that this result must enter 
into all determinations of absolute yield, it was 
felt desirable to investigate further the angular 
distribution by a different and independent 
method. In the present paper this has been done 
by using as a recording device an ionization 
chamber together with a linear amplifier and 
oscillograph. The particles studied were the 
alpha-particles originating in the transformation 


3Li7+ ,H!—2,He?. 


APPARATUS 


Protons were obtained from a low voltage arc 
of a conventional type, the construction of which 


1 Kirchner, Physik. Zeits. 34, 777 (1933). 
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is shown in Fig. 1. The total ion currents ob- 
tained depended upon the arc current, the rela- 
tion being roughly a linear one. At 150 ma of 
arc current approximately 10 microamperes of 
ion current were obtained, while at 400 ma of arc 
the ion current rose to 30 microamperes. The 
percentage of protons present in the ion beam 
varied from 10 to 20 percent, being higher for 
higher pressures, in agreement with the results 
of Fowler and Gibson? and of Lamar and Luhr.* 
In the experiments which follow about 150 ma 
arc current were used. Variation of the voltage 
on the electrode F permitted nice adjustment of 
the size of the ion spot striking the target. The 
sylphon bellows S permitted the position of the 
source within the first electrode of the acceler- 
ating tube to be varied for preliminary rough 
focusing. The flow of hydrogen gas to the arc 
chamber was regulated by means of a simple 
capillary leak of the type described by R. D. 
Fowler.‘ Commercial tank hydrogen was found 
quite satisfactory, without preliminary drying. 
Care was taken, however, to prevent as far as 
possible the mixture of air and other gases with 
the hydrogen in the storage tank and connecting 
tubes. 

The current supply for the source was con- 
tained in a shielded box mounted on insulating 
supports of textalite tubing. It consisted of a 
300-watt 110-volt direct-current generator, a 
150-watt 110-volt direct-current to 110-volt 
alternating-current converter, and the necessary 
transformers, rectifiers, rheostats, etc. The fila- 


2 Fowler and Gibson, Phys. Rev. 46, 1075 (1934). 
* Lamar and Luhr, Phys. Rev. 46, 87 (1934). 
*R. D. Fowler, Rev. Sci. Inst. 6, 26 (1935). 
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Fic. 1. Proton source. 


ment transformer supplied 7.5 volts a.c. to the 
filament. A rectifier of the UX-866 type, oper- 
ating from a 5000-volt neon sign transformer 
supplied direct current voltage for the focusing 
electrode F of the source. 

During the early stages of this work the 
accelerating tube was a single section one made 
from a glass cylinder 12 inches in diameter and 
26 inches in length. This tube proved very 
unstable, however, and it was found necessary 
to convert it into a two section tube, isolating 
the two parts electrically by a flat metal shield 
clamped in place by an adjustable expansion 
ring. This tube proved very stable in operation. 
Because of its short length, however, it would 
stand only about 170 kilovolts before flashing 


down the outside surface. This was corrected by 


the addition of a third section constructed from 
an 11-inch length of 6-inch diameter Pyrex 
tubing. In this form (Fig. 2) the tube has stood 
the maximum available voltage; i.e., 250 kilo- 
volts, with no sign of breakdown. 

The various ions, emerging from the acceler- 
ating tube, were sorted by means of an electro- 
magnet, giving a field variable from 1000 to 
1500 gauss, and a system of diaphragms. The 
first two diaphragms were grounded, while the 
third and the target chamber (Fig. 3) to which 
it was attached, were insulated from ground. 
The hole in the third diaphragm was } inch, 
that in the second 3 inch, and that in the first 


} inch. Placing the third one immediately be- 
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Fic. 2. Accelerating tube. 


hind the second prevented the ions striking any 
surface of the target chamber until they struck 
the target itself. Because of the geometry of the 
chamber, the number of secondary electrons 
escaping through the diaphragms was very small. 
A microammeter connected between the chamber 
and ground read, therefore, the true ion current 
striking the target. 

The target backing was of sheet aluminum, 
supported by a mica sheet which was in turn 
attached to a metal rod waxed into the. large 
stopcock shown in the figure. The mica sheet 
served as a thermal insulator between the target, 
which sometimes became quite hot, and the wax. 

The target was prepared by wetting the surface 
of the backing plate with a concentrated solution 
of pure lithium fluoride, and then evaporating 
the water by applying heat. It was found 
advisable to heat the target rather gently during 
evaporation, to avoid subsequent cracking of 
the surface of lithium salt. 

The windows through which alpha-particles 
emerged from the target were of mica sheet, 
: inch in diameter. 

The accelerating potential was furnished by a 
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150-kilovolt transformer working into a recti- 
fying and doubling circuit of the type described 
by Cockcroft and Walton.’ The voltage was 
measured by means of a sphere gap, and it 
should be noted in this connection that recent 
checks of the A. I. E. E. standard sparkover 
potentials for sphere gaps*®:’ have indicated 
these standards to be high by 16 to 20 kilovolts 
in the range of our measurements. 

The linear amplifier used to record the disinte- 
gration products was constructed after a design 
kindly furnished this laboratory by Dr. M. A. 
Tuve, and is an adaptation of the amplifier 
developed by Wynn-Williams and Ward* to 
American tubes. 

For oscillographs we used Peerless dynamic 
loudspeakers, from which the paper cones were 
removed. The voice coil was connected to a 
pivoted mirror by means of a strip of spring 
brass. These oscillographs were simple of con- 
struction and proved rugged in use, but the 
moving parts had too long a period to make 
them completely satisfactory for the purpose. 


PROCEDURE AND RESULTS 


The ionization chamber was very carefully 
aligned with the particular window of the target 
chamber through which observations were to be 
made, and the voltage and magnet current 
varied until protons of the desired energy entered 
the target chamber. The disintegration alpha- 
particles were then counted by the linear ampli- 
fier, and oscillograph records were made for 
periods of from three to ten minutes, the time 
depending upon the rate at which the products 
of disintegration were being recorded and upon 
the constancy of conditions. 

The results are tabulated (Tables I, II, and 
III), and a graph summarizing them is shown in 
Fig. 4. As will be shown presently, the conditions 
during these experiments were such that an 
accuracy of better than 8 percent is not to be 
expected. The results indicate that within these 
limits the yield is independent of direction. In 


5 J. D. Cockcroft and E. T. S. Walton, Proc. Roy. Soc. 
A149, 406 (1935); 137, 229 (1932). 

® Henderson, Goss and Rose, Rev. Sci. Inst. 6, 63 (1935). 

7 J. R. Meador, Elec. Eng. 53, 942 (1934). 

a and Ward, Proc. Roy. Soc. A136, 391 
(1931). 
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Fic. 3. Target chamber. 
Tables I and II, in fact, the variations from Taste II. 
mean yield are well within the limits of error, rn ———- 
° ° ANGLE TOTAL 
and are comparable in magnitude to the sta- WITH Pro- _—PRo- Counts 
* ae . FORWARD TON TONS PER % % 
tistical fluctuations to be expected. Direc- EN- (micro- Micro- Sta- Dev 
“ ° a TION OF ERGY cou- TOTAL Cou- TIST. FROM 
It is well to note that in determining the mean BEAM (kv) lombs) Counts Lomp  FLuct. MEAN 
corresponding to a given voltage all the points — 35 deg 240 751 3006 4,00 1.83 4.99 
. . eight. his is true since, as 50 240 329 1355 4.12 2.72 8.14 
are not of equal weight. This is 65 240 344 1262 3.66 282 3.94 
was previously pointed out, the time of observa- _—g9 240 720 2700 3.76 1.92 1.31 
tion, and hence the number of disintegration ps ee oo a en eo = 
° . ° 74 IIL bh 9.0 é- an x 
products counted, varied from window to win- 49 240 822 «3171 3.86 1.78 1.31 
dow. The statistical fluctuation, taken to be vN, me 
: - Total all windows 3855 14704 
where N is the total number of recorded alpha- = 
particles, thus varies from one angle to the next. Mean for all windows 3.81 
The magnitude of this fluctuation, expressed in <s% —_ ; 
percent, is shown for each point in the tables. r 
TaBLe III. | 
TABLE I. pane Tora. ; 
————— — — ———————=== WITH Pro- Pro- Counts 
: ForwWarD TON TONS PER % % a 
ANGLE ‘ TOTAL ea Drrec- EN- (micro- Micro- Sta- Dev. “a 
WITH PRo- PRo- Counts si re TION OF ERGY cou- ToraL  Cov- TIST. FROM A 
——_ Dd S = — pew. BEAM (kv) lombs) Counts omB  FLuct. MEAN 
ERG ou- T L Cou- ST. y t . : 
i “kv) en aN Counts ane Purcr. areas = deg = i 4 +1 a Ke i 
65 deg 220 174 370 2.13 5.21 4.46 65 200 434 757 1.75 3.64 4.17 3 
80 220 184 415 2.25 4.90 0.45 80 200 393 658 1.67 3.91 0.60 , 
95 220 162 382 2.36 5.13 5.36 95 200 402 603 1.50 4.07 10.72 i 
110 220 384 856 2.23 3.41 0.45 110 200 507 866 1.70 3.40 1.19 F 
140 220 399 894 2.24 3.34 0.00 125 200 486 867 1.78 3.40 5.96 : 
- 140 200 548 974 1.77 3.20 5.36 i 
Total all windows 1303 2917 — — , 
—— Totalall windows 3634 6115 —-— ; 
Mean for all windows 2.24 Mean for all windows 1.68 
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The mean at a given voltage is obtained by 
adding all the counts taken at that voltage at 
all the windows and dividing the sum by the 
total number of microcoulombs. This auto- 
matically gives each point its proper weight. 


DISCUSSION OF ERRORS 


One of the main sources of error was the 
fluctuation of ion current. It was found quite 
difficult to keep the proton current, measured at 
the target, constant to better than 5 percent. 
The fluctuation may be traced to several causes, 
chief among which were the variations of ac- 
celerating voltage due to changing vacuum con- 
ditions in the accelerating tube and in the 
rectifier, and to variations of input to the source. 

To keep the current as constant as possible 
one observer kept watch on the microammeter 
connected between the target and ground, read- 
ing the ion current and counteracting the changes 
by varying the voltage on the focusing electrode 
of the source. This was done by means of strings 
attached to a rheostat placed in the primary of 
the transformer supplying the focusing electrode 
voltage. This method of current control has the 
advantage that it tends to balance out in part 
the decrease or increase of voltage across the 
accelerating tube. However, on account of lag 
in the reaction of the observer to changes in the 
meter reading, errors in reading the meter, etc., 
the constancy of the current was at best no 
better than within 4 percent of the mean value. 





There were, in fact, brief periods during which 
the current would suddenly change by as much 
as 10 percent before the change could be detected 
and balanced out. Fortunately, the duration of 
such periods was short, and insofar as it was 
possible to recognize them the portions of the 
record corresponding to them were not counted. 

The most important source of error, however, 
was variation of accelerating voltage, both in 
time and in angle. The latter variations occurred 
as a result of the shutting down of the analyzer 
magnet while the ionization chamber was being 
adjusted to a new position. The same value of 
magnetizing current was then reset for the new 
angle, and the assumption made that the voltage 
was correct when the ion beam attained its 
former position.* This assumption neglects the 
presence of hysteresis in the magnet iron, of 
course, but the lack of a convenient direct check 
on field strength at all times and the high quality 
of the magnet used made it desirable to run the 
risk of introducing error in this way. The 
maximum width of the hysteresis loop for the 


* It may easily be shown that if the voltage is varied in 
such a way that the curvature of the ion path through the 
field remains the same, change in the voltage will be pro- 
portional to the change in field strength. Each particle 
will have a kinetic energy E, where 


E= 4m? = m2" /2m = $H%p%e?, 


Thus for a constant value of curvature p and a particle of 
mass m and charge e 


E=const.XH?; 


since Hp = mv/e. 


dE/E=2dH/H 


where H is the magnetic field. 
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magnet was found to be no more than 3 percent 
of the total field. 

Voltage variations in time were due chiefly to 
changing vacuum conditions in the accelerating 
tube and in the rectifiers. Although frequent 
shut-downs were necessary to adjust the hydro- 
gen leak and refill the cooling jacket of the 
source, care was taken to “break in” the tubes 
with voltage until vacuum conditions were fairly 
steady before resuming readings, since according 
to the results of Henderson” a change of voltage 
of 2} percent at 250 kv results in a change of 6 
percent in the number of disintegrations. 

The stopping power of the windows in the 
target chamber was approximately 3 cm, while 
the distance from the windows to the ionization 
chamber was 1} cm. The total stopping power of 
mica and air in the path of the alpha-particles 
was, accordingly, only 43 cm. Since the range of 
the particles was 8.4 cm, slight variations in the 
thickness of the windows introduced no error in 
determining the number of particles reaching 
the ionization chamber. 

In order to avoid variations due to the thick- 
ness of the target traversed by alpha-particles 
on their way to the window at which observations 
were being made, the target was always adjusted 
so that it occupied a symmetrical position with 
respect to the incident beam and the direction 
of observation. (See Fig. 5.) There is, therefore, 
no correction necessary for target penetration, 
since conditions are similar for all windows. 

In our discussion thus far we have spoken of 
the target as though it had a perfectly smooth 
surface. Although this is, of course, not true, we 
have estimated that the error introduced by 
neglecting to consider the alpha-particles which 


1° M. C. Henderson, Phys. Rev. 43, 98 (1933). 
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may be absorbed by crystals of the salt is 
negligible. 

There still remains to be considered the effect 
of the change in size and shape of the ion spot 
on the target as the target is changed in position 
for the various windows. As the spot changes 
shape and becomes longer or shorter the solid 
angle of each of its elements as seen from the 
window of observation changes from one window 
to the next. This effect was calculated for the 
window at 35° and for the window at 140° from 
the incident beam. The result of the calculations 
showed the necessary correction to be negligible 
and of no importance for this range of angles and 
for a proton beam of }-inch diameter. 

After considering the various sources of error 
and their relative importance we have concluded 
that the accuracy to be expected from these 
experiments is approximately eight percent. The 
results indicate that within these limits the 
emission of alpha-particles is random in direction. 

The authors wish to express their appreciation 
to Professor G. Breit, who suggested the investi- 
gation and directed its earlier portions, and to 
Dr. W. H. Crew, and Messrs. R. Cortell, A. 
Roberts, and T. Zandstra for assistance in con- 
structing the apparatus and taking the readings. 


Erratum: Fine Structure of Da with Increased Resolution 
Ros.ey C, WILLIAMS AND R. C. Gipss, Department of Physics, Cornell University (Phys. Rev. 48, 971 (1935)) 


N the sixth line from the end the word increased should be changed to 
decreased. The conclusion that follows is correctly stated. 
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Band Spectra of BiBr, BiCl, BiF, and Bil in Absorption 


FRANK MorGAn, Mendenhall Laboratory of Physics, Ohio State University 
(Received August 3, 1935) 


The band spectra of BiBr, BiCl, BiF, and Bil have been 
examined in absorption and a vibrational analysis made 
for each of the observed systems. For BiBr there are two 
systems for each of the isotopes Br’? and Br*! with origins 
at 4045.7A and 4869.1A. The lower frequency system 
degrades to the red, but the direction in which the other 
degrades is in doubt. In BiCl a band system lying between 


A3600 and 4000A has been found for each of the isotopes 
Cl® and Cl® in addition to the system at \\4300-5500A 
reported by Saper. The vibrational analyses are confirmed 
by the respective isotope shifts. One band system between 
4150 and 4900A for BiF and one between 4150 and 
4300A for Bil have been observed and analyzed. 





INTRODUCTION 


DER and Valenta! photographed the flame 

spectrum of various compounds of bismuth 
and found band systems lying in the region of 
\\4300-6700A, which they ascribed to BiO. 
Their photographs also show a group of lines in 
the neighborhood of 3900A. Mecke and Guillery,’ 
using previous data, arranged some of these 
bands in a Deslandres’ scheme in which the 
constants correspond to those expected for BiO. 
Ghosh? rephotographed the bands lying between 
4300 and 6700A in a flaming arc fed with 
metallic bismuth or bismuth trichloride and made 
a vibrational analysis of the observed heads. 
He attributed them to BiO. Saper* had previ- 
ously studied the band system lying between 
4300 and 5500A, having excited it by introducing 
bismuth trichloride vapor into active nitrogen 
His vibrational analysis of this band system is 
nearly identical with that given by Ghosh for 
the systems he assigned to BiO. The assignment 
of Saper is, however, reinforced by the fact that 
he observed an isotope shift in agreement with 
the expected shift for Cl=35 and Cl=37. 
Howell and Rochester® using a high frequency 
electrical discharge have produced emission band 
spectra in BiBr and BiF, but no analysis of the 
observed systems seems to have been made. 

In view of the apparent disagreement between 
Saper and Ghosh and the meagerness of data 
and analysis of the band systems of the bismuth 
halides, the present investigation was under- 
taken. 


1 Eder and Valenta, Atlas Typischer Spektren. 

? Mecke and Guillery, Physik. Zeits. 28, 514 (1927). 

*C. Ghosh, Zeits. f. Physik 86, 241 (1933). 

‘Saper, Phys. Rev. 37, 1710A (1931). 

* Howell and Rochester, Univ. Durham Phil. Soc. Proc. 
9, 196 (1934). 
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EXPERIMENTAL 


To obtain these absorption spectra, light from 
a 500-watt incandescent lamp was passed through 
the vapor under investigation in an electric 
furnace heated to a temperature ranging from 
700°C to 1400°C and then focused on the slit of 
the spectrograph. The spectrograms were taken 
with four different types of spectrographs ac- 
cording to experimental needs. An E-1 Hilger 
quartz spectrograph was used essentially to 
explore the region under consideration and to 
determine suitable experimental conditions. Some 
of the measurements on the bands of bismuth 
chloride were made on photographic plates taken 
on a Hilger-185 quartz spectrograph. This instru- 
ment has a dispersion of about 9.5A/mm at 
4500A and 7A/mm at 3900A. The lower fre- 
quency system of bismuth chloride was photo- 
graphed in the first order of a 21-ft. concave 
grating with 30,000 lines to the inch, giving a 
dispersion of 1.25A/mm at 4500A. The other 
system in bismuth chloride was photographed 
both in the first and second order of this grating. 
The dispersion in the second order is 0.48A/mm 
at 3900A. The remainder of the spectrograms 
from which measurements were made were taken 
on a 10-ft. concave grating on a Littrow mount- 
ing. This instrument has a dispersion of about 
5.7A/mm in the first order. Both the first and 
second orders were used. 

A standard iron arc was used as a comparison 
spectrum and measurements of wave-lengths 
were made on a Geneva Society comparator. 

Two types of electric furnaces were used, one 
a Hoskins carbon resistor furnace giving temper- 
atures up to 1600°C, the other a Hoskins 
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resistance furnace with which temperatures up 
to 1000°C can be attained. 

To get the band systems of BiBr, bromine was 
passed over molten bismuth in an iron tube in 
the resistance furnace heated to about. 900°C. 
The tube was open to the air at atmospheric 
pressure. 

The BiCl bands were obtained by heating 
solid BiCl; in an open iron or quartz tube in the 
resistance furnace until the temperature was 
sufficiently high to vaporize the bismuth tri- 
chloride and dissociate it to form BiCl. They 
were also obtained by heating metallic bismuth 
in one of these tubes to the desired temperature 
and passing pure chlorine gas over the molten 
metal. Similarly the bands of Bil were produced 
by heating bismuth and iodine together at a 
temperature of 600 to 700°C and the same band 


system was obtained when Bil; was heated to 
the necessary temperature. 

To develop the band systems of BiF a higher 
temperature is required. Hence bismuth tri- 
fluoride was heated in the Hoskins carbon 
resistor furnace to a temperature of about 
1200°C. At this temperature a well-defined band 
system is developed in absorption. 


BiBr BANDS 


In BiBr two band systems have been observed 
for each of the two isotopes of bromine, Br=79 
and Br=81. The intensities of the corresponding 
bands are nearly equal as might be expected 
from the fact that the abundance of the isotopes 
is essentially the same. The lower frequency 
band system for each of the isotopes degrades 


TABLE I. BiBr band systems. 








Less REFRANGIBLE SYSTEM 





MoreE REFRANGIBLE SYSTEM 














| 




















"obs. ’ Yobs. 
v I “obs. —Y"ale.| 2” TF Yobs. —*calc. | 

on 0 18385.6* —1.1 » ¢ 268.8* 1.6 
\o 404.6 —0.9 

° 0 1 450.8* —0.6 ; e 4 347.8* 18 
1 469.2 —0.6 

> w f2 585.0* —0.9 ‘ss @ 476.7* 2.8 
2 603.4 0.3 

o 9 {4 652.2* 0.7 rs 2 555.3* 1.6 
4 668.1 —0.2 

1 9 fo 786.8* 0.8 4 2 3 600.9* —1.7 
\0 802.2 0.6 

o s {6 852.6 —0.1 3 1 6 683.3* —0.2 
\6 867.5 —0.1 

2: ¢ ® 917.4% —1L.1 s € 2 809.9* 0.0 
° 7 10 19054.6* —0.1 

10 067.9 0.0 . ss 930.8 1a 

fo 257.6" —0.2 f2 21018.3* —-0.5 

7 oe 286 -—0s | * ° j2 015.9 0.3 

‘ao 320.9* —0.8 Se ae 047.6 0.2 

\1 330.5 —O.1 — 140.7* —0.8 

— a 461.4* —0.3 \4 135.6 —18 

\8 470.5 —0.7 > a 163.1 —1.6 

ae loe 7 596.3* 0.1 a 258.0* —2.0 

\7 604.6 0.1 \S 2541 -09 

we 666.8* 0.1 se & 372.5* —0.8 

\4 674.5 3 \s 365.7 1.8 

1 «a $8 801.3* 0.3 se / 480.1* —0.6 

\s 807.8 0.3 \5 473.1 1.6 

2 « (0 932.7* -08 | » go [4 582.4* 0.5 

\0 937.6 —0.2 \4 $74.2 —1.2 

1 3 {4 200076" O08 | 9 g {3 678.1* 1.9 

\4 012.6 1.1 \3 670.4 0.8 

. -2. 3 079.1 O81 15, g ft 763.1% 0.2 

2 3 {3 140.0* 1.1 \1 756.0 0.3 
5 143.4 1.6 
S 2 9 215.5 2.0 











Yobs. “obs. 
vv I “obs. —Ycale,| 0 0” I Yobs. ~"calc. 
(00 24209.3* 0.9. Z 078.7* —1.9 
6 10 \00 2138 #06 | & 8 \1 076.2 —2.1 
7 11 (00 2469 -06 | , 4 [6 095.3* —0.4 
00 251.6 —0.2 Is 091.9 -—03 
2 431.8* 1.6 5 138.6* —0.6 
2 # 3 4342 14 | * 3 45 135.1 —O.1 
f2 480.0* 0.5 i 4 179.3* —0.1 
$ 5 {3 482.1 12};5 4 f 175.4 0.1 
- * 
4 6 it So 02/6 S {3 Hier 2 
0 1 0 530.0* -03 | , 4 [2 251.0* —0.1 
s ft 568.3* —0.4 2 246.8 0.0 
it 5609.6 -04 | , g 3 257.3* —0.3 
_ s BE 585.0* 0.5 3 2525 —03 
\2 85.9 O02], » {fo 280.1* —0.3 
$8 'o 608.5* —0.4 0 276.9 —1.3 
\o 609.6 —04 3°41 5 303.0* 0.0 
2 3 2 636.2 —0.2 5 297.8 0.2 
6 345.3* 0.0 
3 4 2 683.9* 00 | * 2 6 339.9 0.1 
6 385.0* 0.3 
es % 7235 -06 | 5 3 16 379.2 0.3 
6 421.5* 0.4 
0 0 10 7386 oo | © *# 6 415.6 0.4 
5 455.0* 0.3 
= = 770.8* —0.5 7 S 45 449.1 0.6 
4 484.2* —0.8 
1 1 10 792% O38 | & © 4 4781. 10 
a {1 Si1l.i* —0.1 
es # 810.5* —0.4 1 504.5 0.3 
2 2 9 842.0* —0.1 2 552.9% 03 
#4 1 3 545.6 0.4 
7 8 2 846.2% -07 | - 4 [3 591.6 0.5 
. -£ & 877.8 —2.3 3 584.1 0.6 
3 3 8 889.1* 0.2 4 627.3* 08 
- {t 933.0* -05 | © 3 {4 619.5 0.7 
7 mas <48 1 . 4 659.7* 0.6 
5 974.3* —0.6 r *. & 652.1 0.9 
? 7a 972.4 -02 | . 5s {3 688.1* —0.5 
— 999.8* —0.2 3 5 «hs 
5 9970 -05 | - , fo 798.9* 0.5 
* -_ 

oof Marit me & 
7 7 overlapped by (2,1) 1 825.0 1.4 
(7 049.2* —0.2 2 865.7* 1.2 

2 1 , 8 
\7 046.0 —0.2 2 856.1 1.3 
i ee 892.9 —0.1 
2 883.4 —0.1 











* The bands marked with an (*) are bands due to BiBr’®. 
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toward the red. It was not possible to determine 
unambiguously in which direction the bands of 
the other system degrade. In some cases they 
appear to degrade to the red, but ordinarily 
they have the appearance of lines. This uncer- 
tainty may arise because of branches that rise 
almost vertically on a Fortrat diagram. Accord- 
ing to the rule of Birge and Mecke they should 
degrade toward the violet since w,’ >w,”’. 

The observed wave numbers, the difference 
between the observed and calculated wave 
numbers, the estimated intensities, and the 
vibrational quantum numbers are recorded in 
Table I for the bands corresponding to each of 
the isotopes of bromine. 

These band heads are represented within the 
experimental error by the following formulas: 

For the lower frequency system: 


BiBr??: v=20,532.0+[135.91u' —0.534u” 
—0.1030u""]—[209.50u" —0.466u'"); 

BiBr*': v= 20,532.0+[134.69u’ —0.524n” 
—0.1002u’*}]—[207.61u"’ —0.458u'" ], 


where u’=v0'+} and u”’ =v" +}. 
For the higher-frequency system: 


BiBr?®: y=24,710.9+[265.34u’ —1.956u” ] 
—[209.17u"’ —0.469u'""}; 
BiBr*: vy=24,710.9+[262.95u’ —1.921u”* ] 
—[207.29u" —0.461u'"] 
where uw’ =v0'+} and uw” =v" +}. 
The constants for BiBr*' were derived from 
the constants for BiBr7® from the well-known 
formula, 


G(v) = pw,.(v+ 3) — p?x.w.(v+4)?+p*y.w.(v+})*---, 


for the vibrational terms of different isotopes, 
where p? is the ratio of the reduced masses of 
BiBr® and BiBr*'. It will be observed from the 
vibrational formula for the system toward the 
red that the coefficient of the third-degree term 
of the excited level is large. It has been necessary 
to introduce this third-degree term with a large 
coefficient to take account of the rapid conver- 
gence of the band heads (Fig. 1b). That this 
convergence is very rapid is immediately evident 
from the second-order grating plates. The con- 
vergence point, as calculated from the band- 
head formula, is at about 4520A. 
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TABLE II. Intensities of BiBr bands. 
More REFRANGIBLE 


Less REPRANGIBLE 


r \'0123456 7 8 91011): 0123456789101! 

0 | 0 489 W641 0 10 O 

1 | 2457 020 1 5 10 2 

2 | 5850 1 0 2 8 79232 

3 661 3 156822 

4/253 4 265711 

5 j;44 5 036 521 

6 § 2 6 1463330 oo 

7)};451 ri 32432°3 OJ 

8/5 s 234011 

9 4 

19 | 3 

il 1 


Overlapped by (2,1). 


The intensities of the band heads lie on well- 
defined Franck-Condon parabolas (Table II). 
For the system lying toward the red the parabola 
is much more open than for the other system as 
might be expected from the magnitude of the 
constants. The matrix scheme for the more 
refrangible system closely resembles that given 
by M. Wehrli and E. Miescher® for the indium 
halides. 


BiCl BANpDs 


For bismuth chloride two band systems were 
also observed for each of the isotopes of chlorine, 
Cl=35 and Cl=37. One of these systems, the 
one lying toward the red, has already been 
reported and analyzed by Saper.‘ The other 
seems not to have been previously observed. 
The intensity of the bands for BiCl* is about 
three times the intensity of the corresponding 
bands for BiCl*’ as might be expected from the 
abundance of the isotopes. As in the band 
systems due to bismuth bromide the longer 
wave-length system degrades toward the red and 
the behavior of the other band system in this 
respect is uncertain. 

Table III gives the observed wave numbers, 
the differences between observed and calculated 
wave numbers, the estimated intensities and the 
vibrational quantum numbers for the band 
systems due to BiCl® and BiCl*’. 

Within experimental error the vibrational 
analyses of these heads are given by the following 
formulas: 

For the longer wave-length system: 


6M. Wehrli and E. Miescher, Helv. Phys. Acta. 7, 298 
(1934). 
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Fic. 1. Comparison of spectra: (a) BiCl; (b) BiBr; (c) Bil. Between \\4500 and 4570 in (b), the absorption 
appears to be continuous. The band heads of the longer wave-length system converge to a point in this 
region. In (c), the bands to the extreme left are due to diatomic bismuth. The same bands appear in the case 
of BiBr, BiCl, or BiF, but at progressively higher temperatures. It is possible, of course, that there may be Bil 
bands mixed in with the Bi, bands. 


TABLE IIT. BiCl band systems. 





Less REFRANGIBLE SYSTEM MoreE REFRANGIBLE SYSTEM 
obs Yobs Yobs. 

u Yobs —¥cal u Yobs —¥cale vy +f Yobs. "calc. | & 2” I Yobs. 
13 0  18552* —2 0 2 8 146.7* 0.2 1 3 0 25024.9* 0.7 . 2 3 399.7* 
13 0 754* 0 3 162.2 —0.5 : «@ 0 113.5* 1.4 ‘ 2 379.0 
12 1 837* —1 , : 7 361.5* —0.3  &g 0 197.5* 30 | 9 8 00 441.5* 
11 1 917* 0 é 3 372.1 0.0 4 6 0 273.8* 2.3 ‘2 4 467.9* 
13 1 947* —3 o 1 5 450.8* —0.2 . 0 328.6* 2.5 . 1 446.2 
10 1 9904* 0 2 459.5 0.3 . 2 0 344.4* Li | « 4 530.9* 
12 1 19037* 1 : = 4 475.4* 0.9 — 1 415.7* 3.6 : , 2 508.3 
11 0 124* 1 — 0 572.1* 0.2 = - 417.2 2.8 6 4 3 588.7* 
10 2 204* 0 . 0 576.2 —1.4 3 4 0 494.9% 2.3 , 1 565.6 
1 262 —1 1 1 10 666.0* —0.3 0 0 10 539.9* —0.6 » 5 3 642.1* 
9 2 284* 0 3 670.4 0.9 5 537.9 —1.4 , ; 1 618.4 
11 0 322* 0 0 Oo 1 756.2% —1.2 4 5 1 568.5* 0.7 “— 3 690.7* 
8 1 360* 1 2 1 10 876.4* 0.0 2 632.0* 2.0 . \1 666.8 
10 «2 410* ' e 2 972.3* —O.4 . § & 628.1 1.1 » @ f2 705.9* 
9 2 494* 3 4 1 22081.7* 0.0 a 0 636.6* —0.9 , 0 678.0 
1 548 2 0 071.4 —4.5 . is 1 702.7* —0.7 9 7 2 733.8* 
8 2 575* 0 » @ 7 182.8* 0.0 Ja 1 700.2 —0.3 1 710.4 
7 2 653.5* 0.8 ‘ 2 176.7 2.3 oe 8 716.4* 2.4 10 (8 1 770.5* 
: 1 702.2 0.5 , o {t 388. 1* 0.0 es 64 4 710.9 1.5 . ‘0 747.5 
8 5 785.0* 0.1 4 374.5 —0.7 - 8 0 759.1* —-1.9 4 1 2 772.1* 
10 1 805* —1 5 1 2 476.0% —1.5 . 4 \o 384 -—379 | 1 743.3 
7 3 868.3* —O0.4 a ia 8 588.4* 0.4 . « 7 794.0* 1.3 . . 2 833.1* 
1 911.2 —0.8 ; 571.5 0.2 . \4 787.2 0.4 . 1 803.6 
9 0 898* —1 , 1 2 665.2* 0.8 — * 0 812.9* —1.8 . 2 889.2* 
6 4 948.2* 0.6 ‘ 1 647.1 —2.7 : \o 808.4 -43 | ° ” 1 859.2 
1 991.1 1.1 ae” 1 727.0* 0.7 4 4 6 865.8* —0.2 7 4 2 940.6* 
9 1 20095* 0 ™ 0 706.6 —4.5 \3 858.0 -0.9 | ° ' 1 910.3 
6 2 163.5* 0.6 x 0 4 783.4* —0.5 5 5 ? 932.4 —1.4 | 8 o 2 987.2* 
8 1 191* 0 1 760.1 —2.6 a 6 937.0* 2 5 5 ° 1 956.7 
5 6 244.5* 0.1 7 4 3 849.6% —2.5 \3 926.2 0.6 » « 2  27028.7* 
3 280.6 0.3 ’ 1 828.1 —3.5 ft 993.8% —2.4 . 1 26998.5 
9 0 284.3* 0.3 9 2 1 906.0* 5.0 6 6 ‘0 984.1 —4.0 0 7 1  27063.2* 
4 7 543.1* 0.0 é 0 882.1 —1.3 a 5 26020.0* 2.1 J 0 034.0 
3 572.2 —0.1 . «@ 3 971.1% —1.7 \2 007.6 1.4 4 O 00 477.7* 
6 0 578.3* 0.0 , 1 946.0 —3.1 S 3 051.5* —1.9 ‘ 1 1 137.3* 
5 1 669.6% —0.2 g 1 {2 230310" 0.2 . eS os1.1 —-38 | 5 00 ~—-:100.7 
3 {9 843.9* 0.1 ‘ 0 005.7 —2.9 —" 5 096.0* 0.4 | ¢ > 1 191.6* 
: \3 866.0 —0.1 10 2 i 071.3* 0.6 . . 2 —s- = 0 154.4 
4 1 969.8* 1.3 7 0 1 158.3* —0.2 s 2 1 -1.4 | 4 3 1 240.8* 
3 2 21058.3* —0.8 . 0 125.1 —5.8 a3 44 0.0 | So 0 203.8 
\1 074.6 —1.8 9 O 1 512.6* 0.7 2 —09 | g 4 1 27285.7* 
. 3 —2.1 0 248.3 
5 4 3 —2.5 ae 2 325.4* 
ees f —2.0 -P 2? 288.3 
: {14 —K3 10 6 1 358.0* 
4 2.1 1 586.0* 
2a 17 | 8 3 {09 343.3 
Re 2 —1.9 P 0 623.7* 
Pee at 4 » 4 {00 8579.8 
& 3 0 —1.0 10 4 00 654.7* 





* The bands marked with an asterisk are BiC}*. 
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BiCI§: »y=21,801.8+[220.3u’ —2.50u*] 
-—[308.4u" —0.96u'"}; 


BiCl*7: y=21,801.8+[215.1u’ —2.38u’*] 
— [301.2 —0.92u’”*}. 


For the shorter wave-length system : 


BiCl**: »=25,493.7+[402.55u’ —3.650u"* ] 
—[307.66u" —0.954u’”"}: 


BiCl*?: »=25,493.7+[393.12u’ —3.481u"*] 
—[300.45u’’ —0.910u’” J, 


where wu’ =v'+4 and uv” =v'’+}. 

As in the case of the BiBr bands, the coeffi- 
cients for the equation for BiCl*’ were calculated 
from theory involving the isotope shift. 

The constants for the longer wave-length 
system differ only slightly from those reported 
by Saper.‘ They also differ only slightly from 
those given by Ghosh* for BiO if the origin 
used by Ghosh is properly displaced. In view of 
the agreement between these results and those 
of Saper, the similarity of this band system to 
the corresponding band systems of BiBr and 
BiF, and the satisfactory confirmation of isotope 
theory, it seems that Ghosh has incorrectly 
assigned this band system to BiO. In this 
connection it may be of interest to recall that 
Barratt’? has shown that much confusion may 
arise in the identification of band systems because 
of the presence of chlorine as an impurity. 

It is evident that the deviation of the calcu- 
lated from the observed. wave numbers for the 
higher frequency system is much greater for 
BiCl than for BiBr. This deviation apparently 
originates in perturbation of the upper levels 
because in the Deslandres’ arrangement the 
values of AG” are quite consistent with what 
might be expected while A(AG’) first decreases 
and then increases as one goes to higher values 
of v’. The constants for the upper level are only 
average ones and only approximately fit the 
data. The error in observed frequencies should 
be less in this system than in any of the others 
because the heads were relatively sharp and the 
dispersion in the second order was only a little 
more than 3 cm~'/mm. There is also a rather 
consistent, but unexplained, deviation between 








? Barratt, Trans. Faraday Soc. 25, 758 (1929). 
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the observed and calculated isotope displacement 
of the bands of this system. 

Even in the second order of the 21-ft. grating, 
no rotational structure was resolved. The bands 
appeared essentially as lines somewhat diffuse 
on the red side. 

The intensities of band heads of both systems 
lie on Franck-Condon parabolas quite similar to 
those shown in Table II for BiBr. 


BiF BANDs 


With bismuth fluoride (BiF), one strong and 
one weak band system were found. The weaker 
system lying toward the violet was not developed 
sufficiently well for measurement and analysis. 
The other system lying toward the red was 
similar to the corresponding system found for 
BiBr and PiCl except for the absence of the 
bands due to isotopes. Like the bands due to 
BiBr and BiCl, these bands degrade to the red. 

The data for this system together with the 
vibrational analysis are recorded in Table IV. 
The band heads are represented by the equation: 


v=22,958.5+[383.6u’ —3.28u”"] 
—[512.0u”’ —2.25u’""], 


where u’=v'+}3 and u” =v" +}. 


TABLE IV. BéF bands. 





"obs. 





v 9” I “obs. “Ycalce.| % ° I “obs. "epic. 
3 7 00 20548.0 0.5 4 4 00 360.2 0.3 
2 6 00 664.6 0.5 0 1 7 386.5 —0.1 
1 5 00 780.3 1.6 3 3 4 494.4 —2.1 
4 7 0 906.3 1.4 2 2 3 630.6 —0.5 
3 6 1 21027.0 —1.0 0 0 10 894.2 0.1 
2 5 2 148.5 —0.5 3 2 0 992.6 —2.5 
1 4 3 268.2 0.1 2 1 5 23132.9 —1.2 
0 3 3 385.1 0.0 1 0 9 271.2 0.1 
3 5 0 $12.3 —0.7 + 2 . 351.2 —1.2 
2 4 4 637.4 —1.2 3 a 497.2 —0.8 
1 3 5 761.8 —0.3 2 0 9 641.2 —0.3 
0 2 6 883.4 —0.2 5 2 1 70€.9 3.7 
2 3 000 22134.6 2.0 4 1 1 854.7 —0.7 
1 2 4 260.3 —0.3 3 0 4 24003.8 —1.6 
Bil BANDs 


With bismuth iodide only one band system 
was observed. It corresponds to the system lying 
farther toward the violet in the other bismuth 
halides. As in the corresponding system in 
BiBr and BiC! the direction in which the bands 
degrade is uncertain. 

It might be expected that there should be 
another system corresponding to the longer 
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TaBLeE V. Bel bands. 





Yobs. | "obs. 

v v I “obs. ~VYealc v I "obs. "calc 
4 6 0 23202.0 09/4 #4 4 $22.3 0.2 
a 0 220.5 -S52/1 0 4 601.3 —04 
o 1 1 242.5 00/2 1 4 631.1 —O.1 
4 2 2 a5 <<@2/13 2 § 658.8 0.3 
s @§ 4 308.5 2.0 | 4 3 2 683.9 0.4 
s « 4 335.2 01/5 4 0 706.9 0.6 
. » 4 361.5 02/2 0 2 794.5 —0O.1 
© #2 406. 1 esis 1 3 8216 0.6 
1 9 438.3 —0.1 4 2 1 845.8 0.3 

2 2 6 468.5 0.0 | . 3 «s 864.0 —3.7 
3 8 4 496.6 0.1 | 4 1 OO  24008.2 0.0 








wave-length bands of BiBr and BiCl, but such a 
system was not observed. Judging from the way 
this system shifts in going from BiF to BiCl to 
BiBr, it would be expected in Bil at wave-lengths 
greater than 4500A, but if it appeared in that 
region it would be completely masked by the 
strongly developed diatomic bismuth bands. It 
may be that Bil is too unstable at the tempera- 
ture used in these experiments to obtain this 
system in absorption. 

Table V, together with the following equation, 
gives the data and vibrational analysis of this 
system: 
v= 23,388.9+[198.6u’ —1.44u"] 

—[163.9u" —0.31u'"], 


where u’=0'+34 and uv” =v’’+}. 

The distribution of intensities is represented 
by a Franck-Condon parabola closely resembling 
the parabola for the corresponding system in 
BiBr and BiCl. 


DISCUSSION OF RESULTS 
Vibrational constants 


According to the rule of Rosen® w,/"Z,Z." 
should be constant for these halides where Z, 
and Z; are the atomic numbers of the atoms in 
the molecule, and according to Mecke® w,'"u(Z, 
+Z:) is constant for molecules of this type, 
where y» is the reduced mass of the molecule. 








TaBLeE VI. 
MOLECULE »10% we” we’”"Z1Z21077 we’ u(Z1 +Z2) 1016 
~ BIF 28.7 512.0 19.6 6.9 
BiCl 50.0 308.0 13.5 4.8 
BiBr 95.3 209.4 12.8 4.9 
Bil 130.2 163.9 11.8 4.8 








8 B. Rosen, Naturwiss. 14, 978 (1926). 
*R. Mecke, Zeits. f. Physik 42, 390 (1927). 
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From Table VI it is evident that w,’”Z,Z, 
decreases with increasing molecular weight and 
that w,’"u(Z,+Z2) is nearly constant if BiF is 
excluded. 


Dissociation energies 


It is not in general possible to calculate the 
dissociation energies of these halides from the 
vibrational constants, because the band systems 
do not converge rapidly enough. In the case of 
the longer wave-length band system in BiBr the 
convergence of the excited levels is sufficiently 
rapid to permit the necessary extrapolations to 
be made with some accuracy. Both band systems 
in BiCl converge very slowly so that long extra- 
polations are necessary and the accuracy of the 
calculated dissociation energies is small. Table 
VII shows the dissociation energies for BiBr and 


TABLE VII. 





BiBr | 











Dissoctation* | 1] Dtssocta TIon* 























LEVEL Enercy D (volts) | D—Dz || Leven | Engrer D (volts) | D—Dzr 
Cc 4. 2} C 4.5 | 15 
B 2.7 —0.2 | B 3.3 0.3 
X 2. | 0 | xX 3.0 0 

== — = 
Atomic ExcrraTion | Atomic Excrration 
| 
‘ - 
Enercr** Enercr** 

PropaB_e Propucts (volts) PropaBLe Propucts | (volts) 

Br(?P°s2)+Bi(2D%/2) 1.9 | Cl@P%_)+BitD%se) | 1.9 

Br(2P°3;2)+Bi(2D°s/2) 1.4 | Cl(?P°s2)+Bi(2D%s,2) 1.4 

Br(2P°1/2)+Bi(48°s/2) 0.45 | Cl(2P° 2) + Bi(4S°s/2) 0.1 

Br(?P°s2) +Bi(4S°s,2) 0 ] Cl(2P°s/2) + Bi(4S°s 2) 0 

| 











* For states C and B, D=D’+Enole. 
** Calculated from values given in Atomic Energy States by Bacher and Goudsmit. 


BiCl calculated in the usual way’ from the 
vibrational constants. Two of these atomic 
energy differences, viz., 1.2 volts for BiBr and 
1.5 volts for BiCl, suggest that in these cases the 
dissociation products are Br(?P°3,2)+Bi(?D°3,/2) 
and Cl(?P°3;2) + Bi(?D°3/2), respectively, although 
the more probable" energy difference would be 
1.9 volts if the ?D°;,. state of bismuth is more 
probable than the ?D°3,2 state. 

The author wishes to express his appreciation 
to Professor Alpheus W. Smith and Dr. R. V. 
Zumstein for the valuable advice given in the 
course of this investigation. 

© Jevons, Band Spectra of Diatomic Molecules. 


1G, M. Almy and F. M. Sparks, Phys. Rev. 44, 365 
(1933). 
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Absorption Spectra of PbF, PbCl and PbBr 


FRANK MorGAn, Mendenhall Laboratory of Physics, Ohio State University 
(Received October 30, 1935) 


A vibrational analysis has been made of absorption band 
systems due to PbF, PbCl, and PbBr. A single system of 
double-headed bands lying between \A4100 and 5300A 
has been observed for PbF. The separation of the heads is 
nearly constant. In PbCl a band system with the origin 


at 4571.8A has been found for each of the isotopes Cl* 
and Cl*’, Similarly a system of bands between \\4400 and 
5400A has been observed for each of the isotopes Br’® and 
Br*'. The vibrational analyses are confirmed by the respec- 
tive isotope shifts. All the bands degrade to the red. 





ARRATT! has reported, without analysis, 

absorption spectra which he attributed to 
lead chloride. Howell and Rochester? have pro- 
duced emission band spectra in PbF and PbBr 
by the use of a high frequency electrical dis- 
charge, but apparently they did not make a 
vibrational analysis. No other observations on 
the band spectra of lead halides seem to have 
been recorded. 

To obtain the band spectra of the lead halides 
in absorption, the lead halide under investigation 
was placed in an open iron or graphite tube about 
30 cm in length and heated in an electric re- 
sistance furnace to such a temperature that the 
band system was well developed when light from 
a 500-watt incandescent lamp was passed 
through the column of vapor. Since PbF, PbCl, 
and PbBr do not exist as stable chemical com- 
pounds, it was necessary to introduce PbFs, 
PbCl2, or PbBre into the furnace and heat it to 
a temperature at which it dissociates into the 
diatomic halide. The PbCl and PbBr systems 
were well developed at about 900°C, while a 
temperature of 1500°C was found more suitable 
for PbF. In the case of lead chloride and lead 
bromide the band systems were also developed 
by passing chlorine or bromine, respectively, 
over molten lead in the electric furnace. 

Preliminary observations were made on an E-1 
quartz spectrograph, but all measurements were 
made from spectrograms taken on a 10-ft. con- 
cave grating which has a dispersion of 2.72A/mm 
in the second order. Both first- and second-order 
plates were measured in each case. 


1 Barratt, Trans. Faraday Soc. 25, 758 (1929). 
? Howell and Rochester, Univ. Durham Phil. Soc. Proc. 
9, 126 (1934). 


PbF BANDs 
In the case of PbF, a double-headed band 


system, degrading toward the red, was observed. 
The double heads are separated by about 7 cm~. 
Because of overlapping fine structure only one 
head has been measured in most cases, but where 
two heads of a given band have been measured 
the observed wave numbers of both have been 
tabulated. The vibrational quantum numbers, 
the estimated intensities, the observed wave 
numbers, and the difference between the ob- 
served and calculated wave numbers for the 
higher frequency heads are given in Table I. 
This table also shows the observed wave numbers 


TABLE I. Analysis of PbF band heads. 











SF ee... Yobs. “obs.—"calc.|” ” I "obs. “obs.~” calc. 
8 14 00 18945.4 —4.7 a 5 2 21600.8 0.0 
7 13 0 19019.9 —3.6 8 8 0 676.3 0.9 
5 il 0 171.7 —1.4 3 + 1 702.8 1.7 
3 9 00 328.4 1.5 1 2 5 905.5 0.6 
8 13 0 388.9 —3.9 0 1 10 22008.4 —0.1 
7 12 0 468.0 —2.6 4 4 2 085.5 0.7 
6 ii 1 $48.0 —1.6 3 3 5 189.4 —0.3 
5 10 1 628.1 —1.5 2 2 5 295.1 —0.5 
3 8 1 792.9 0.3 1 1 1 405.0 2.3 
2 7 0 877.5 1.9 5 a 2 465.7 0.8 
7 il 0 921.0 —1.6 0.60 502.9* 

1 6 0 961.1 1.3 0 («Oo 10 510.4 —0.4 
6 10 1 20005.2 —0.9 4 3 568.8* 

5 9 1 089.8 —0.9 4 3 1 574.6 1.3 
4 8 2 176.5 0.2 7 5 0 728.5 —-1.9 
3 7 2 263.0 0.2 2 i 5 793.6 0.2 
8 iil 0 291.3 —0.8 1 Oo 897.7* 

2 6 2 351.0 0.5 1 oO 10 904.8 —0.2 
1 5 1 440.0 0.8 4 2 3 23068.6 2.1 
0 + 1 529.8 0.8 3 1 174.0* 

5 8 0 556.2 —0.2 3 1 6 180.8 0.2 
4 7 1 646.5 0.0 2 0 288.3* 

9 Ii 0 658.1 0.0 2 0 8 295.6 —0.1 
3 6 3 737.7 0.0 > @ 2 447.7 1.1 
2 5 5 830.2 0.3 4 1 557.3* 

1 4 916.2* 4 1 4 564.6 0.3 
1 4 6 923.6 0.4 . = 5 682.9 0.0 
0 3 21010.0* 6 2 1 825.1 2.0 
0 3 5 017.8 0.2 5 i 938.4* 

3 5 1 216.0 —1.1 5 1 3 945.4 1.0 
2 4 4 313.9 0.0 4 0 1 24068.0 1.4 
1 3 404.0* 8 3 0 074.7 2.2 
1 3 7 411.9 0.1 7 2 0 199.9 3.8 
0 2 502.3* 6 i 315.4* 

0 2 8 $10.7 0.0 6 1 0 322.8 1.9 











* Indicates lower frequency head of band. 
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and the vibrational quantum numbers of the 
lower frequency band heads which could be 
measured. These lower frequency heads have 
been marked with an asterisk. The higher fre- 
quency heads are represented by the formula: 


v=22,565.2+[397.8u’ —1.77u" 
—[506.9u’’ — 2.29u’"*), 


where u’=v'+ 3 and u” =v’’+}. They appear to 
be of greater intensity than the lower frequency 
ones. The intensity distribution of these bands is 
shown in Table IT. 


PbCl BANDs 


One system for each of the isotopes of chlorine, 
Cl* and Cl*’, has been observed for PbCl. The 
bands degrade to the red and in some cases 
appear to be double-headed with a very small 
separation between the two heads. The vibra- 
tional analysis of these band heads is given by 
the formulas : 


PbCI*: »=21,866.9+[228.6u’ —0.76u” 
—0.006u"*]—[304.2u”’ —0.89u'"); 


PbCI*?: »= 21,866.9+[223.3u’ —0.72u” 
—0.006u’*]— [297.14 —0.85u’”"], 


where u’=v'+3 and u’’=v"’+4. The constants 
of the second equation have been calculated 
from those of the first equation by the use 
of the formula G‘(v) = pw,.(v+4) — p*x.w.(v+4)? 
+--+, where G‘(v) is the vibrational term for 
the isotope and p is the square root of the ratio 
of the reduced masses of the two molecules. 
The analysis of the PbCl bands is recorded in 
Table III and the distribution of estimated in- 
tensities for the PbCI®* bands is shown by Table 
IV. The ratio of the intensities of the bands of 
PbCI® and PbCI*? is approximately the ratio 
(76: 24) of the abundance of the chlorine 
isotopes. 


PbBr Banps 


As in the case of PbCl, one system of bands 
has been observed for each of the isotopes of 
bromine. These bands also degrade to the red 
and the band-intensity curve is a parabola 


TABLE IV. Intensities of PbCi* bands. 









































vo’ 
TABLE II. Intensities of bands in PbF. ~ — a a ee oe ae oe ee 
0 4 2 4 8 , = #@ 1 0 
vo” 1 2 8 10 3 oO 1 2 2 0 
v 0 12345 67 8 9 10 11 12 13 14 2 6 10 4 1 2 0 0 1 oO 
_ 3 5 7 1 2 0 Oo 
0 mows Ss 1 4 6 2 00 0 
1 10 i1s$76i1090 5 7 1 
2 8 $ § 4520 6 4 2 
3 5 6 $11321 0 7 3 0 0 
4 1 ne ee 3 1 2 8 2 1 
5 0 3 2 2 0 1 1 oO 9 i 1 
6 0 1 1 1 10 1 2 
7 0 0 0 Oo 0 il 1 3 0 
8 0 0 0 0 =O 12 1 1 
9 0 13 0 0 
TABLE III. Analysis of PbCl bands. 

Yobe.~ ¥(PbCI*)-»(PbCI*”) Vobs.~ »(PbCI)-»(PbCI”) Pob.~ ¥(PbCI5)-»(PbCl*) 
¥ wv” — Toby. (PbCH*) vegic, Obs. Cale. ¥ vw = Tvobg.(PbCH) rai¢, Obs. Cale. ¥ wv = Trobe. (PbCH) vege, Obs. Cale. 
2 10 O 193383 0.7 2 4 1 21083.8 ll —18.1 —18.1 4 0 6 7274 —O4 19.9 19.6 
1 9 O 399.1 0.6 1 3 3 154.8 05 —16.1 —16.5 7 2 0 781.8 0.6 
0 8 0 459.9 0.3 0 2 4 226.2 0.1 —1144 —14.8 5 0 7 949.1 0.8 23.9 24.4 
2 9 1 624.8 0.8 3 4 2 306.9 04 -112 —13.1 7 1 0 23083.4 1.6 
1 8 2 687.2 05 —49.0 —49.6 1 2 10 453.1 -0.1 —104 —9.6 6 0 4 168.1 1.0 30.1 29.2 
0 7 1 749.0 -0.6 —473 —483 0 1 2 528.0 1.3 —5.1 —7.9 8 1 1 297.4 0.3 
2 8 0 9119 —03 3 3 1 303.8 0.2 7 0 3 384.8 0.6 33.5 33.9 
1 7 2 977.2 05 —43.7 —43.1 2 2 4 679.0 —03 —5.4 —4.4 9 1 1 511.0 04 
0 6 2 20041.5 02 —424 —41.8 1 1 8 753.2 —0.6 —3.0 —2.7 8 0 2 600.2 0.7 38.3 38.6 
4 9 0 069.6 —0.5 4 3 0 825.7 —0.2 il 2 0 632.6 1.3 
3 8 #20 135.6 —04 7 29.8 0.7 10 1 2 722.9 0.7 38.9 40.8 
1 6 1 268.8 04 —38.1 —36.6 2 1 10 978.5 —08 3.8 2.5 9 oO 1 815.4 24 
0 5 4 335.1 03 -—34.1 —35.2 1 0 2 22057.0 0.8 5.5 43 12 2 l 836.8 —2.2 
3 7 0 426.1 0.1 3 1 7 202.6 —0.5 7.8 7.5 11 1 3 81.0 -—0.9 43.9 45.1 
2 6 60 494.4 0.5 2 0 6 281.2 -05 10.7 9.5 1 0 1 24025.5 0.9 
0 4 7 630.2 0.1 -—29.0 —285 5 2 1 345.1 —0.2 12.5 10.5 13 2 O 037.6 —7.2 
2 5 2 788.0 06 -254 —-248 4 1 2 425.0 —04 13.3 12.6 12 1 1 1373 —23 48.8 49.4 
1 4 0 858.1 0.9 3 0 5 505.8 0.3 15.0 14.5 ll 0 1 233.8 —0.5 
0 3 8 927.1 -0.1 —22.3 —21.7 6 2 2 563.2 —0.9 16.0 15.3 13 1 0 337.9 —7.5 51.7 53.7 
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TABLE V. Analysis of PbBr bands. 











Yobe.- (PbBr™)-»(PbBr*) | 


v - v(PbBr?*)-»(PbBr®!) v - »(PbBr”*)-»(PbBr®) 
ots Pt Obs on. 

















¢ wv’ TI vobg(PbBr™) regic, Obs. Cale. | ¥ ot” TF vob. (PbBr®) veaic, Cale. ¥ vw T vobg.(PbBr) rpaio Cale. 
i 0 18709 -10 -I178 -185 | 2 4 1 3390 00 -52 -50/6 3 1 1822 14 

110 1 9886 O02 -49 -168 | 1 3 8 3918 -O1 -44 -45 | 5 2 0 193 -O3 

0 9 2 19089 06 -156 -165 | 4 5 0 4324 —14 414 494 —O4 3.2 3.2 
08 4 235 Oo7 -132 -48 | 2 3 7 B84 O09 -32 -32|7 3 1 WA 15 3.1 2.9 
18 1 3828 -16 -127 -1384 ] 1 2 3 5977 13 3 0 0 3001 08 43 3.8 
07 6 4327 Of —123 -132 | 4 4 0 6386 23 5 1 5 3%4 03 4.7 4.3 
2 8 2 5356 O06 —ILl -121 | 7 6 00 6678 17 -27 -25 | 4 0 2 4555 08 6.2 5.1 
06 7 6329 Ol -009 -113 | 3 3 2 6928 10 720 4754 27 

27 2 «27337 -06 -107 -104 | 2 2 8 476 O86 -14 -14 | 6 1 3 5409 O11 5.2 5.5 
1 6 1 785.2 1.1 —8.9 —9.9 5 64 1 784.1 15 § 0 § 602.1 —0.5 6.0 6.2 
0 5 8 834.3 0.0 —-8.9 —9.5 1 1 1 801.5 —0.4 > @: e 620.2 14 5.2 5.8 
26 0 9334 -06 -87 -86 | 3 2 5 865 02 7 1 1 6859 23 7.2 6.6 
: = 2 986.3 0.4 —7.8 —8.1 6 4 0 929.0 17 . @ 746.8 —0.5 6.6 74 
0 4 5 20036.8 0.0 —73 —7.7 . =. = $51.5 —10 8 1 0 829.6 5.3 

3 6 3 088 O08 -68 -72|5 3 0 9876 15 7 0 9 804 03 8.1 8.5 
1 4 8 188.2 —0.2 —6.3 —6.3 1 0 0 21011.6 3.2 8 0 8 22032.2 14 10.3 9.6 
03 2 mO4 O1 -57 -59 | 4 2 3 O45 02 9 0 7 1601 -02 08 105 
35 0 269 Il -44 -54 | 3 1 4 1012 06 2.5 19 }10 0 6 3034 -20 121 115 

somewhat wider than the Franck-Condon para-_ the red of the origin of the BiF bands, while 


bola for PbCl*. The intensities of corresponding 
band heads for the two isotopes are nearly equal 
as might be expected from the abundance ratio 
(1 : 1) of the two isotopes of bromine. In some 
cases these bands also appear to be double- 
headed. They are much less sharp than the 
bands of PbF or PbCl. Table V gives the vibra- 
tional analysis, the observed wave numbers for 
PbBr”®, the difference between the observed and 
calculated wave numbers and a comparison 
between the observed and calculated isotope 
shift. The following equations give the wave 
numbers of the band heads, the equation for 
PbBr® being calculated from that for PbBr”®. 


PbBr??: »=20,884.3+[152.5u’ —0.40u” 
—0.028u"*]—[207.5u" —0.50u’"}; 
PbBr*: »=20,884.3+[151.1u’ —0.39u” 


—0.027u*]—[205.6u’’ —0.49u’"), 


where u’=v'+} and wu” =v"’+}. 


DISCUSSION 


A striking similarity is noted between the lead 
halide bands and the longer wave-length systems 
of the bismuth halides.* In all cases the corre- 
sponding constants are nearly the same, as 
might be expected since the atomic weights of 
lead and bismuth are 207.22 and 209.00, while 
the charges are 82 and 83, respectively. The 
system origin of the PbF bands lies slightly to 


_ SF. Morgan, “Band Spectra of BiBr, BiCl, BiF and Bil 
in Absorption,”’ this issue. 





the reverse is true in the case of the PbCl and 
PbBr and the corresponding bismuth halide 
bands. 

From the similarity of the PbF, PbCl and 
PbBr molecules, the PbCl and PbBr systems 
would be expected to be double-headed if the 
corresponding system due to PbF were double- 
headed. However, since the Franck-Condon pa- 
rabola is more open for PbC! and PbBr than for 
PbF, the separation between a band head and 
the origin of the band should be less for PbCl 
and PbBr than for PbF. Consequently the 
separation between the two heads of a double- 
headed band would be less for a PbCl or a PbBr 
band than for a PbF band. In the case of the 
PbF bands this separation was large enough to 
measure but it could not be observed with’ 
certainty in the case of either PbCl or PbBr. 
That the two heads, observed in the case of PbF, 
are not due to lead isotopes is evident since the 
maximum isotope shift in the case of Pb?*F 
and Pb?°*F would be only about 1 cm~. Also if 
the two heads were the result of isotopy, the 
separation should increase almost linearly with 
the distance from the system origin while the 
observed separation between heads is almost 
constant. 

Lead and tin are in the same subgroup in the 
periodic table. Since the number of electrons is 
odd for the halides of both tin and lead, the 
spin number must be half-integral. Hence a 
doublet system of levels may be expected and 
from the electron configuration the halides of 
both tin and lead might be expected to have a 
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quencies” at which the amplitude of the vibra- 
tional stress passes through a maximum. In 
analogy with Balamuth’s Eq. (14), these reso- 
nance frequencies are, for the torsional oscillator, 
given by the solutions for f of the equation 


m, tan y;/yi+me tan ye/ye+ms tan ys3/ys 
— (myme2y3/yryems) tan yi tan ye tan ys=0, (1) 


where m;=mass of a cylinder, (¢=1, 2, 3) 


Ji= ah/fi, (2) 
f=frequency of applied voltage, 
and fi= (m/2L;)(ui/ps) i, (3) 


where n=an integer, L;=length of a cylinder, 
ui=modulus of rigidity for the direction of the 
cylinder axis, p;=density, and the subscripts 
refer, respectively, to the specimen material, the 
quartz, and the intermediate material. 

Eq. (1) is the fundamental working formula 
of the piezoelectric method for measuring all the 
elastic constants of any solid substance. For 
example, the resonance frequencies of a triple 
longitudinal oscillator are given by the solutions 
of this equation provided that, in the calculation, 
the symbols y; and f; be related to the physical 
constants of the materials by the formulae: 


yi=m(f/f)01 — (3) 2?02(0;/A iL?) (1 —f?/f 2), (4) 
and 
fi=(n/2L;)(Gi/pi) (1 — 2?n?o 70;/2AL2), (5) 


where o;= Poisson’s ratio, 86;= moment of inertia 
of cross section about the cylinder axis, A;=area 
of cross section, and G;=Young’s modulus for 
the direction of the cylinder axis. 

Again, the resonance frequencies of a two-part 
oscillator, either torsional or longitudinal, are 
given by the solutions of Eq. (1) with my, set 
equal to zero, that is, by the solutions of 


mz tan yo/ye+ms tan y3/y3=0, (6) 


in which the subscript 3 now refers to the 
specimen material and Eqs. (2), (3), (4) and (5) 
subsist. 
If m, and ms; are both set equal to zero Eq. (1) 
reduces to 
tan y.=0, (7) 


* The plus sign in this expression as printed in Bala- 
muth’s paper, reference 1, is an error. 


the solutions of which yield the resonance fre- 
quencies of the quartz cylinder alone. 

Lastly, the left-hand member of Eq. (1) plays 
exactly the same role in the description of the 
electrical behavior of triple oscillators as Bala- 
muth’s quantity A! plays in the description of 
two-part oscillators. 


EXPERIMENTAL METHOD 


The electric circuit arrangements for measur- 
ing the resonance frequencies are identical with 


those of Balamuth.! The experimental procedure 


is as follows: The fundamental resonance fre- 
quency of the quartz cylinder alone is measured. 
This frequency is the quantity fe by Eqs. (7), 
and (2), (3) or (4), (5). Next the intermediate 
cylinder is attached, the fundamental resonance 
frequency of the two-part oscillator is measured, 
and Eq. (6) is solved for f;. If desired, the elastic 
modulus of this material may be calculated with 
the aid of Eqs. (2), (3) or (4), (5). A roughly 
approximate value only of Poisson’s ratio is 
needed for an adequate evaluation of the terms 
in o in Eqs. (4) and (5). Lastly, the specimen 
cylinder is attached, the fundamental resonance 
frequency of the triple oscillator is measured, 
Eq. (1) is solved for f;, and Eqs. (2), (3) or (4), (5) 
for the elastic modulus. 

In case the softness of the cement permits the 
removal of a cylinder without demounting the 
oscillator, it is desirable to obtain the resonance 
frequency data in the reverse of the above order ; 
small remounting errors are thus eliminated. 
This procedure is adopted when the rubber- 
vaseline cement is used. 

The lengths of the three cylinders should be 
adjusted so that the fundamental resonance 
frequencies of the single, double and triple 
oscillators are the same within ten percent or 
better. Such frequency matching minimizes the 
effect of inequality of areas at the interfaces, of 
the adhesive,! and of internal friction in the 
materials,‘ on the resonance frequency of the 
oscillator. It will also be noted that the term in 
o in Eq. (4) vanishes when f=f;. Furthermore, 
the specimen cylinder should be long enough to 
keep these frequencies below 100 kilocycles. 


* Zacharias, Phys. Rev. 44, 118 (1933). 
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Above this value harmonics of low frequency 
modes of vibration are very likely to appear in 
the neighborhood of that under investigation, 
which vitiate the observations. Such spurious 
neighboring modes must always be sought and 
their absence established. They arise, of course, 
because the actual impressed piezoelectric stress 
in the quartz does not correspond exactly to 
that of any single mode of vibration, but their 
effect remains negligible so long as none of their 
resonance frequencies lies near that under ob- 
servation. 


Tue ELastic MopULI AND ELASTIC CONSTANTS 
oF A CuBIC CRYSTAL 


Formulae which relate Young’s modulus and 
the rigidity modulus for any direction in a cubic 
crystal to the elastic moduli are given by Voigt.° 
The present research is concerned with only two 
directions, namely (0,0, 1) and (0, 1,1). If the 
unprimed quantities refer to the former and the 
primed to the latter, then for the elastic moduli, 


1/G=sy 
1/G’ =s' 1 = 3 (Si +5124 354) (8) 
1/p=Sus 
1/p'= 3 (s’ss +555) =Sy—Sit+}5u 
and for the compressibility, «x, 
K=3(Sy +2512). (9) 
Furthermore, 
C1 = (Sut+Siz) / (S11 — S12) (Sur +2512), 
C2 — $12/ (S11 — S12) (Sur +2512), (10) 
Cu 1/S44. 
From Eqs. (8), 
Si2=1/G'— jp’, (11) 
or =1/G+3y—1/p’. (12) 


Poisson’s ratio for a (0,0, 1)-cut cylinder is 
given by the formula’ ¢=5s,2/sy. When a right 
circular (0,1, 1)-cut cylinder is stretched the 
cross section is no longer circular. The average 
radial displacement is readily evaluated with the 
aid of Voigt’s analysis, and so the ‘‘average”’ 
Poisson’s ratio. Thus 


@ = (S11 +3512— $544) / (2511+ 2512+ Sua). 


° Voigt, Lehrbuch der Kristallphysik, p. 739. 
® Voigt, reference 5, p. 631. 


ELASTIC 


MODULI 


TABLE I. The elastic moduli and constants of rocksalt. 











ISOTHERMAL 
ADIABATIC MODULI ADIABATIC CONSTANTS CONSTANTS 
T X 10'3(cm?/dyne) X 10-"!(dyne/cm?) x10-" 
(°K) Su —Sw Sa Cu Cu Cu Cu Cu 
80 18.64 3.15 75.06 5.76 1.17 1.332 5.72 1.13 
90 18.77 3.21 75.18 5.73 1.18 1.330 5.69 1.14 
140 19.55 3.54 75.87 5.56 1.22 1.318 5.50 1.16 
150 19.72 3.61 76.03 5.52 1.23 1.315 5.45 1.17 
160 19.89 3.68 76.19 5.48 1.24 1.313 5.41 1.17 
170 20.06 3.75 76.36 5.44 1.24 1.310 5.37 1.17 
180 20.24 3.82 76.53 540 1.25 1.307 5.33 1.17 
190 20.43 3.89 76.70 5.37 1.26 1.304 5.29 1.17 
200 20.63 3.96 76.88 5.33 1.26 1.301 5.24 1.17 
210 20.82 4.03 77.07 5.29 1.27 1.298 5.20 1.17 
220 21.02 4.11 77.25 5.25 1.27 1.294 5.16 1.17 
230 21.21 4.18 77.46 5.22 1.28 1.291 5.12 1.17 
240 21.43 4.26 77.64 5.18 1.28 1.288 5.07 1.17 
250 21.65 4.33 77.84 5.14 1.29 1.285 5.03 1.17 
260 21.86 4.41 78.05 5.10 1.29 1.282 4.99 1.17 
270 22.08 4.49 78.26 5.06 1.30 1.278 4.95 1.17 


In accordance with_the theory of Voigt,’ the 
adiabatic and isothermal moduli and constants 
are related by the formulae 


(S11) aa. — (Sir) is. = (Si2) aa. — (Siz) is. 


=—Ta*/pc», (13) 


(C11) ad. = (C1) lo. = (C12) ad. (C12) is. 


= Ta*/(pcy)(Sut+2s2)*, (14) 


where T is the absolute temperature, a is the 
coefficient of linear expansion, and c, is the 
specific heat at constant pressure. The adiabatic 
and isothermal s4 and c. are the same. 


RESULTS 


The adiabatic and isothermal moduli and 
constants for rocksalt over the temperature 
range 80°K to 270°K are given in Table I. 
The first column contains the adiabatic s, as 
measured by Balamuth. The third column is the 
smoothed out mean of measurements of the 
adiabatic sy taken on four different (0, 0, 1)-cut 
specimens. The values of sj. given in the second 
column were calculated with Eq. (12) from sy 
and s4 together with the smoothed out mean of 
measurements of the torsion modulus on four 
different (0, 1, 1)-cut specimens. The specimen 
material was the finest grade of optical rocksalt 
obtainable, and was the same as that used by 
Balamuth. The adiabatic c’s were calculated 


7 Voigt, reference 5, p. 789. 
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TABLE II. 
§ Su’ X10" —Si2 X 10% 

(°K) BALAMUTH RosE Eq. (12) Eq. (11) 
80 26.51 26.53 3.15 3.12 
90 26.58 26.60 3.21 3.18 

140 26.94 27.01 3.54 3.49 

150 27.02 27.10 3.61 3.56 

160 27.11 27.19 3.68 3.63 

170 27.21 27.29 3.75 3.70 

180 27.30 27.39 3.82 3.77 

190 27.40 27.49 3.89 3.84 

200 27.51 27.59 3.96 3.91 

210 27.62 27.69 4.03 3.99 

220 27.74 27.80 4.11 4.06 

230 27.86 27.91 4.18 4.14 

240 27.99 28.02 4.26 4.21 

250 28.10 28.13 4.33 4.29 

260 28.22 28.25 4.41 4.37 

270 28.33 28.36 4.49 4.48 








from the s’s with Eqs. (10), and the isothermal 
c’s with Eqs. (14). 

The formula used in computing the density 
was® 


p=2.1680(1—11.2K10-5t—0.5 X10-"#). 


Values of c, were taken from the International 
Critical Tables. 


PRECISION 


Exhaustive tests, of the sort described by 
Balamuth, were made to demonstrate beyond 
doubt that the quantities calculated from the 
observed behavior of the triple oscillators are, 
in fact, the elastic moduli of the specimen 
material. The results of two such experimental 
checks are given in Table II. The first column 
contains the values of 1/G’ measured by Bala- 
muth with a two-part oscillator of square cross 
section. The second column contains values of 
the same quantity measured on a different set 
of specimens with a triple oscillator of circular 
cross section. The agreement is noteworthy. The 
third column contains values of 5s: calculated 
with Eq. (12) from measurements of the Young’s 
and rigidity moduli on a set of (0,0, 1)-cut 
specimens and of the rigidity modulus on a set 
of (0, 1, 1)-cut specimens. The last column con- 
tains values of the same quantity calculated 


8 A. Henglein, Zeits. f. physik. Chemie 115, 97 (1925). 


ROSE 


with Eq. (11) from measurements of the Young’s 
and rigidity moduli on a set of two (0, 1, 1)-cut 
specimens. The agreement between the values 
of si: obtained with these quite independent 
methods offers a very satisfactory overall test 
of the piezoelectric method, particularly as a 
small percentage error of measurement is very 
greatly magnified in the calculation of the 
difference quantity, Si». 

The accidental error in any observation on a 
single specimen is never greater than 0.03 per- 
cent. The source of largest systematic error is 
nonuniformity of cross section in the specimen 
cylinder. Such nonuniformity produces a shift 
parallel to itself of the entire modulus vs. 
temperature curve, and the curves for different 
specimens are invariably parallel. This is ex- 
emplified by, and accounts for, the systematic 
differences in Table II. Balamuth gives an 
observed average deviation among his specimens 
of 0.4 percent in s;;. This could have been reduced 
by using cylinders of circular instead of square 
cross section, for circular cylinders are in general 
more uniform. The average deviation for the 
torsional measurements was about 0.08 percent 
in Sy. The uncertainty in sy. is about 1 percent. 

Steinebach® found the ratio of the value of sy 
at 291°K to that at 88°K to be 1.065. This 
ratio, calculated from Table I, is 1.045. Voigt!® 
gives sy =78.85 X10- cm?/dynes, but does not 
specify the temperature. This is the value here 
found at 25°C. Voigt,"' Madlung and Fuchs,” 
and Slater!’ have measured the isothermal com- 
pressibility at room temperature. They obtained, 
respectively, the values 41.3, 41.2, and 42.0 for 
«X10! (cm?/dynes). The present value is 41.9 at 
30°C, which was the temperature of Slater's 
specimens. 

In conclusion, the writer desires to thank the 
Physics Department of Columbia University 
for the facilities generously placed at his dis- 
posal, and Dr. S. L. Quimby for helpful sugges- 
tions during the progress of the research. 


* Steinebach, Zeits. f. Physik 33, 674 (1925). 


1° Voigt, reference 5, p. 741. 

1 Voigt, reference 5, p. 742. 

12 Madlung and Fuchs, Ann. d. Physik 65, 289 (1921). 
13 Slater, Phys. Rev. 23, 488 (1924). 
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The Band Spectrum of OH* 


F. W. Loomis AND W. H. Branpt, University of Illinois 
(Received October 17, 1935) 


Two bands at 3332 and 3565A discovered by Rodebush 
and Wahl in the electrodeless discharge in pure water 
vapor, and two new bands at 3695 and 3893A, are shown 
to be, respectively, the (1,0), (0,0), (1,1) and (0,1) bands 
of OH*. Rotational analysis establishes that they corre- 
spond to a "Il->*~ transition in which the "Il state is 
inverted, with coupling intermediate between cases a and 
b. The nine strong branches to be expected in this type of 
transition are found, and also enough satellite branches 
(nine in the 0,0 band) to determine the multiplet intervals 


in both states. The A type doubling is large and there are 
exceptionally large perturbations in the 3), 2a and 1) 
levels of the v’=1 state, with maxima at approximately 
K’ =18.5, 14.5 and 10.5, respectively. These perturbations 
are attributed to another *E~ state. The *2~ state concerned 
in the transition and the perturbing state are molecular 
levels which dissociate into the ground states of O and Ht 
and O* and H, respectively, but one cannot tell which is 
which. The *II state probably dissociates into the ground 
states of O and H*. 





I. INTRODUCTION 


N the course of an investigation of certain 

problems in the chemical behavior of the OH 
radical, Rodebush and Wahl! discovered two new 
bands with heads at 3564 and 3328A, degraded 
to the red. Their source was the electrodeless 
discharge in very pure water vapor, and the 
bands have the coarse structure characteristic of 
diatomic hydrides, so that it seemed very likely 
that the carrier of these bands is some form of 
OH, probably the ion OH*. However, the 
spectrum of OH has been the subject of numerous 
investigations and it is a little surprising that, if 
these rather strong bands are due to its ion, they 
should not have been discovered before. More- 
over, it is to be expected that the bands of OH* 
will be analogous to those of the isoelectronic 
molecule NH. But the latter are known and are, 
superficially at least, very different, since they 
are of the headless type, while the new ones are 
sharply degraded to the red. It was clear that the 
question could best be settled by a detailed 
investigation of the rotational structure of the 
new bands. 

A preliminary investigation® disclosed the fact 
that the bands have an extraordinarily complex 
structure and that the resolving power of a large 
grating would be necessary for their analysis. 
This was undertaken, using some modifications 
of the source described by Rodebush and Wahl, 
the principal change being the use of a D-shaped 


1 Rodebush and Wahl, J. Chem. Phys. 1, 696 (1933). 
? With H. M. Pepiot. 
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discharge tube with the exciting coil wound 
around the curved part and the spectrum viewed 
along the straight part. A rather critical adjust- 
ment of the pressure in the discharge tube was 
necessary. If the pressure was too low, the con- 
ditions were apparently too spark-like, the dis- 
charge appeared purple and spectrograms showed 
that most of the energy went into the oxygen 
spark spectrum. If the pressure was too high, the 
discharge either did not occur or, if it did, was 
biuish white and the new bands were not intense. 
The actual pressure used was not measured, but 
was probably a few hundredths of a millimeter. 
The discharge was red and the Balmer series 
prominent. The “water” bands appeared with 
great intensity, nearly all of the lines which have 
been reported in the literature and which occur 
in the region measured being observed. An im- 
portant advantage of this electrodeless discharge 
is the suppression of the hydrogen continuum, 
which ordinarily practically obscures the region 
where the new bands occur. This is due to the 
fact that, in the complete absence of a metal 
catalyst, the hydrogen molecules are not formed. 

Satisfactory photographs were obtained in the 
first order of a 6-inch 30,000-line/inch, 21-foot 
concave grating with a dispersion of 1.25A/mm 
with 20 hours exposure. To increase the intensity 
a slit width of 0.04 mm was used which is too 
great to give the full resolving power of the 
grating. The photographs disclosed a new band 
with its head at 3983A, which is the (0,1) band 
of the system of which those discovered by 
Rodebush and Wahl are the (1,0) and (0,0) 
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TABLE A. Wave-lengths of OH* band heads. 
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v’\v" 0 1 
0 3565 3893 
1 3332 3695 








bands. The analysis showed that the wave- 
lengths of the heads of the bands, as reported by 
Rodebush and Wahl, are slightly too low, because 
of a fortuitous accumulation of other lines in the 
neighborhood. The analysis also disclosed many 
of the stronger lines of the (1,1) band, especially 
of the Q branches, intermingled with those of the 
(0,0) band. The correct wave-lengths of the 
heads of these four bands (the R; branches) are 
given in Table A, that for the (1,1) band having 
been computed from the four band combination 
relations for the R; branches. 


II. ANALYsIS 


1. Strong branches 


Observation of the bands reveals that the 
stronger lines occur in series of groups of three. 
This indicates that the states involved are 
triplets. By analogy*:* with NH and PH one 
would expect to find bands in OH*+ belonging to 
a *JI—*> transition with the “II state approaching 
case a for low K values and case b for high K 
values. The analysis shows that this is the case 
and that the ‘II state is inverted. The possible 
transitions from a *II to a *2 state are shown in 
Fig. 1. The full lines represent strong transitions, 
the dashed lines weaker (‘‘satellite’”’) transitions 
and the dotted lines very weak transitions. 
There are nine strong branches, three P, three Q 
and three R. Most of these branches were found 
by inspection and extended by second differences. 
A few of the branches could not be accurately 
assigned before enough was known about the 
quantum numbers to use combination differences. 

The three lines in each of the distinct triplets 
into which the strong lines arrange themselves 
at some distance from the origin are known to 
have the same value of K, since case 6 is here 
closely approached. The clue to the relative 
numbering of the lines lies in a consideration of 
the internal triplet spacings in the several 


* Batsch, Ann. d. Physik 410, 81 (1933). 
4 Pearse, Proc. Roy. Soc. A129, 328 (1930). 
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Kz 


K 
K-41 
Kel 
Fic. 1. Schematic representation of possible transitions 
between a *II and a *Z state. Full lines are strong transi- 
tions, dashed lines are weaker transitions and dotted lines 


are very weak transitions. The character of A type doubling 
is indicated qualitatively for K values <13. 


branches. That is, the quantum numbers K’ and 
K”" can be assigned, except for a single additive 
integer, common to all branches, from a study 
of the magnitudes of the intervals Q;(/) —Q.(M), 
Q2(M)—Q:(M), etc. Neglecting the presumably 
small variation of the internal spacing of the 
triplet levels in the *2 state with K”’, and also 
the variation in the internal triplet spacing with 
A type doubling, the same value of K’ was 
assigned to triplets in each of the three sets of 
branches which have‘the same internal spacings; 
and similarly, neglecting the variation of the 
internal *> spacing with v’’, the same value of K’ 
was assigned to corresponding triplets in the 
(0,0) and (0,1) bands. The P, Q and R branches 
could then be distinguished by the criterion 
ve(K) >ve(K) >vp(K). Subsequently the assign- 
ments were fully checked by the combination 
relations which are wholly independent of the 
above approximations. The assignment of rela- 
tive K values to the (1,0) band was similar 
though less certain, but was eventually checked 
by combinations. 

Absolute K values were determined by plotting 
A2F,"’(M) and extrapolating to zero at K” = —}, 
The set of components, F2, was used since Ay,” 
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involves no term in f,(K,J—K). See Eggs. 
(2)-(5). 


2. Perturbations 

There are three perturbations in the ‘II level 
(v=1). These appear only in the (1,0) band, 
since the branches of the (1,1) band are too 
weak for observation in the perturbed regions. 
These perturbations occur as given in Table B. 


TABLE B. 





BRANCHES 
INVOLVED 


K’ or Maximum 


PERTURBED PERTURBATION 


Fp 1 
Fra 1 
Fis 1 





> 








The perturbation in the F»2, level involves only 
the Q2 branch and there are no exact combina- 
tions to check the assignment. However, since 
the Q branches are quite intense and since the Q2 
branch is the middle branch, this perturbation 
shows up strikingly on the figure and the assign- 
ments are evident by observation. Fig. 5 shows 
this perturbation. In the case of the P3, Rs and 
P,, R; branches the intensities are not sufficiently 
greater than those of neighboring lines to 
establish the assignment beyond doubt. How- 
ever, all attempts to assign smooth branches in 
these regions were unsuccessful and Tables II 
and V show that the intensities as assigned are 
smooth and that the A,F” values agree to within 
experimental error with those of the (0,0) band. 
These two factors make the assignment seem 
quite valid. 

Accompanying a perturbation there should be 
faint lines due to transitions to the perturbing 
state. These lines may well be present but cannot 
be assigned because of the great number of faint 
lines in those regions. 


3. “Satellite’’ and very weak branches 


The assignment of “‘satellite’’ branches will be 
discussed in connection with multiplet splitting 
in the *Y state. When all branches corresponding 
to full and dashed lines in Fig. 1 are known, the 
fainter branches can be accurately predicted by 
combinations. Of these only the ‘R32 branch of 


5 For the notation used here and for an exhaustive list 
of combination relations in *II— *= bands see Naudé, Proc. 
Roy. Soc. A136, 114 (1930). 
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the (0,0) band was observed. No “‘satellite’’ or 
very faint branches were observed in the (0,1) 
band since this band is comparatively weak. 

From a consideration of the low lying states 
of O and O* which might, according to the rules 
of Wigner and Witmer,’ yield the *2 and ‘II 
states involved in the spectral transition, and 
which might, according to Kronig’s’ rules, 
perturb the ‘II state, one finds that only four 
states may be concerned: namely, a *=~ state 
which dissociates into 4S° of O+ and 12S of H, a 
JI state which dissociates into *D° of O+ and 
17S of H, and a *=~ and a ‘II state which dis- 
sociates into *P of O and H+. One concludes that 
the *> state observed is one of these *Z~ states, 
that the *II state observed is one of these ‘II 
states and that the perturbing state is either the 
other *=~ or the other II state. It is very likely 
that the perturbing state is *2~ since it could 
produce just the perturbations observed, whereas 
a *II state would be likely to produce more. If the 
heats of dissociation which can be calculated 
from the values of w and wx given below can be 
relied upon even very roughly, within say 3 
volts out of 4 and 1, respectively, one may con- 
clude that the *II state which dissociates into O+ 
2D° cannot be concerned in the transition ob- 
served. One may then conclude that one of the 
two *=~ states which dissociate into normal O 
and H* and normal O*+ and H, respectively, is 
the ground state of the OH* molecule, the other 
being the perturbing state; also that the observed 
5]I state is the one which dissociates into *P of O 
and H*. 


III. DATA 


The frequencies of lines which have been 
assigned to branches are recorded in Tables I- 
III. The intensities are visual estimates made 
while measuring plates; d after the intensity 
indicates that the line is diffuse. A number in 
parenthesis indicates that the line has been 
assigned that number of times. Since the “‘water”’ 
bands overlap the (1,0) and the (0,0) bands, not 
all of these occur twice in the tables. Except in 
the region of the (0,0) band, there are numerous 


® Wigner and Witmer, Zeits. f. Physik 51, 859 (1928). 
7 Kronig, Zeits. f. Physik 50, 347 (1928). 
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TaBLeE I. Branches of (0,0) band. 
K Int. » (vac) INT. » (vac) INT » (vac) | K_ Int. »v (vac) INT » (vac) INT »v (vac 
Rs R: Ri P; P2 Pi 
1 1 28040.55 9 3 445.29 3 428.35 2 404.33 
2 2 044.96 1 — 28009.23 1  -27954.13 100 4 356.27 5 341.08 5 320.12 
3 2 044.41 5 015.28 (2) 3 968.45 11 4 261.65 3 248.03 6 229.60 
a. 3 039.73 5 014.72 (2) 5 975.66 (2) | 12. 4 161.29 4 148.94 5 132.65 
‘os 030.18 (2) 2 008.20 (2) 5 975.66 (2) | 13. 5 054.98 5 043.81 6 029.43 
6 6S 015.28 (2) 2 27995.89 4 967.61 (2) | 14 6 26942.65 6 — 26932.59 6  26919.81 
7 2  27994.49 2 977.17 4 953.05 (2) | 15 2 824.26 3 815.08 (2) 4 803.75 
8 4 967.61 (2) 4 951.96 5 930.80 (2) | 16 4 699.69 4 691.34 4 681.23 
9 5 033.89 (4) 4 920.05 (2) 3 901.33 17 4 568.76 4 561.21 4 552.21 
10 3 893.85 5 881.19 (3) 2 864.68 18 4 431.35 4 424.46 4 416.58 
il 3 846.65 4 835.18 (3) 4 820.60 19 3 287.39 (2) 3 281.17 3 274.23 (2) 
12. 5 792.76-(2) 3 782.09 (2) 2d 769.15 20 8 136.68 (2) 3 131.09 3 124.95 
13. 2 731.09 3 721.81 (3) 3 710.08 21. 3 ©25979.29 3: 25974.19 2 25968.71 
4 2 662.24 4 653.64 2 643.34 22 (2 814.56 2 810.04 4 805.23 (3) 
154 585.69 (2) 10 578.15 (2) 2 568.66 23 «1 642.71 1 638.67 1 634.73 
16 1 501.32 2 494.23 2 485.96 24 «0 463.64 1 459.98 1 456.56 
17 2 408.91 2 402.40 (2) 2 395.20 25 1 276.74 1 273.69 i 270.67 
18 2 308.36 2 302.55 2 296.05 26 «0 082.09 Od 078.84 (2) 0 076.90 (2) 
19 2d 199.07 1 193.88 2 188.28 27 2 24877.65 (2) 1 24875.14 
20 «2 081.45 2 076.66 2 071.75 28 00 666.35 
21 2 26954.72 2  26950.43 2d 946.19 29 00 451.21 
22 1 818.90 3 815.08 (2) 2 811.47 30 1 228.05 
23 i 673.66 1 670.18 2d 667.27 31 00 995.68 
24 Id 518.52 Od 515.68 id $12.81 
2s 1 353.65 1 350.83 (2) 1 349.28 . - 
1 178.59 175.03 id 176.70 ie “eR ep,, 
27 Od =—(93.11 | Qn On: 7 
= vOaae 1 1 2800.23 
2 2d 011.52 (2) 2d 28042.38 (2) 1 27980.42 (2) 
3 2 017.29 (2) 2d 042.38 (2) 1d 949.86 
Qs Q: er 4 2 017.29 (2) 1 037.82 1 918.29 
5 2d 011.52 (2) 1 028.64 5 881.19 (3) 
1 2 28008.20 (2) 6 1 27999.06 5 014.72 (2) 1 838.89 (2) 
2 1  27982.69 5  27930.80 (2) 2 2786468 (2) | 7 1 980.42 (2) 1 993.20 id 789.73 (2) 
3 4 953.05 (2) 2 909.00 3 855.02 8 1 955.32 1 966.44 
a 920.05 (2) 5 881.19 (3) 4 837.66 (2) | 9 1 923.45 
2 882.45 (2) 3 848.36 5 812.35 (2) | 10 1 884.97 (2) 
6 4 840.22 5 809.54 (2) 5 779.65 (2) | 11 1 838.89 (2) 
7 $ 792.76 (2) 3 764.94 20 739.78 (2) | 12. 1d 786.41 (2) 
8 20 739.78 (2) 5 714.39 7 692.86 
2 ¢ 680.96 (2) 6 657.42 (3) 6 638.99 —_—_—__—_—_—— - 
10 «5 616.24 4 594.36 (2) 10 578.15 (2) Qp, eR, oR.» 
- 9 545.21 6 524.69 3 510.79 (2) _ ” . 
= ¢ by ; erg ; Pen} 2 $ 2793.89 (4) 5 —27933.89 (4) 2 -27861.56 
14 6 292.92 6 275.87 6 266.39 se wa a. | gee ie 
3S sea 34 - thaped : oye 4 1 27883.86 3 882.45 (2) 835.18 (3) 
16 5 090.64 6 075.33 6 068.03 $s 1 851.31 2 een. (2) S oe 
17 6  26978.80 (2) 6 26964.23 6  26957.80 . § =a S pity .. teens 
18 «5 859.71 5 845.82 5 840.15 7 ' 717.6 —— 1 689.40 
19 8 732.94 8 719.77 8 714.87 8 sues : 
20 4 598.73 5 586.17 5 581.77 ; * 2a 6 OO : yoy 
21 4 456.55 4 444.51 4 440.78 > 3 50887 (2) aon 
22 2 305.72 3 294.79 3 291.54 a3 oa Be 
23 «8 147.53 8 136.68 5 133.96 2 1 29 (3) 
24 3 — 25980.85 3 25970.38 2 25968.07 
25 23 2 795.01 2 793.17 
2% 1 620.32 1 610.75 1 609.38 POs PO. SRx 
27 «OO 426.31 i 417.17 1 416.32 
28 «400 222.89 2 213.90 |} 1 2 1 28112.64 
29 2 009.93 (2) 2 001.14 (2) | 2 1 27795.93 0 147.34 
30 0 24786.04 3 4 27837.66(2) 1 763.38 1 175.28 
| 4 3 782.09 (2) 3 721.81 (3) 1d 197.14 
is 3 721.81 (3) 1d 671.88 2d 212.41 (2) 
. : 6 6 657.42 (3) 1 614.49 i 220.83 
P; P2 Pi | ,; 586.87 1 549.94 
1 8 3 510.79 (2) 1 478.65 
2 $ 27933.89 (4) 1 27884.97 (2) 1 2779826 |  % 429.54 : ses2 
3 Id 876.56 4 835.18 (3) 1 766.07 (2) | 10 : 328.74 
s 3% 815.19 5 779.65 (2) 1 724.44 |! H 198.67 
749.84 1 720.53 1 674.79 EE : @25.27 
6 7 680.96 (2) 1 655.93 (2) 1 617.52 + ® 26015.56 
7 2 607.22 4 585.69 (2) 3 553.25 | 14 00 von.an 
8 2 528.87 1 509.80 3 482.03 is : 











lines which have not been assigned, but none of 

them are stronger than intensity ‘‘2’’. 
Combination differences are given in Tables 

IV-VII inclusive. 
Corresponding values of A2F;’’ agree to within 


experimental error for the (0,0) and (1,0) bands 


and corresponding values of A; Fic’, 4: Fa.’ and 


A:F x’ agree to within experimental error for the 


(0,0) and (0,1) bands. Table IV(a) shows ob- 
served frequencies of Q branches of the (1,1) 


band. Table IV(b) shows the values of these fre- 


quencies calculated by 4 band combinations. 
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These agreements constitute a rigorous check on 
the assignments. 


IV. CALCULATION OF MOLECULAR CONSTANTS 
1. Energy expressions* 
In a multiplet state the energy is written® for 
case a 
T=T*+G+AaA> 
+B.[J(J+1) -24+G42+ Syerp 1+ ¢(2, J) 


+DSJ?(J+1)?+F,J(J+1)8+---. (1) 


§ Mulliken, Rev. Mod. Phys. 2, 60 (1932). 
_* It should be noted that F, is a coefficient in the rota- 
tional part of the energy expression and is not to be con- 
fused with F, used to express rotational energy as a whole. 
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In case } 


T=T'+G+B,[K(K+1)-A’2+G] 


+f(K, J—K)+¢(K, J) 
+D,K*(K+1)*+F,K(K+1)'+--+. (2) 


The multiplet splitting in case a is given by the 
term, AA, while in case 0} it is given by 
f(K,J—K). gi(2,J) and o{K,J) are both 
double valued for any value of J whenever A>0. 
The two values are distinguished by the sub- 
scripts a and 3, as is shown in Fig. 1, the strong 
Q branches are transitions from a levels and the 
strong P and R branches are from b levels. The 





















































60 F. W. LOOMIS AND W. H. BRANDT 
TABLE III. Branches of (0,1) band. 
K INT. v (vac) INT » (vac) INT. » (vac) K INT » (vac) INT. v( vac) INT » (vac) 
Rs R: Ri Rs R: Ri 
1 0 — 25082.09 (2) 3 24974.16 (2) | 15. Oo 801.24 0 793.38 1 784.10 
2 0 090.53 2 25001.14 (2) | 16 3 739.36 (2) 0 732.35 1 723.94 
3 0 095.75 (2) 00 25067.38 1 020.83 17 1 670.84 1 664.28 1 657.01 
4 00 097.73 0 072.76 2d 033.97 18 1 595.27 2 589.45 1 582.67 
095.75 (2) 0 073.72 1 040.93 19 Od 512.66 0 507.15 0 501.46 
6 1 089.49 2 069.81 1 041.82 20 «1 423.30 id 417.41 id 412.33 
7 0d 078.84 (2) 1 061.64 2d 037.05 21 0 324.34 1 320.03 0 315.70 
8 1 063.21 1 047.72 (2) 3 026.31 (2) | 22 2d 218.18 (2) 1d 214.80 1 210.86 
- 042.70 1 028.67 2 009.93 (2) | 23 Od 104.58 0 101.11 0 097.98 
10 1 016.37 1 004.25 (3) 2  24987.64 24 1 23978.85 00 23976.13 
111 24985.53 3 24974.16 (2) 1 959.40 25 0 847.82 0 846.18 
12 1 948.36 3 938.09 2 924.96 26 1 708.03 
es 905.57 3 895.92 (2) 2 884.37 27 00 561.92 
14 1 856.60 (2) 1 847.91 1 837.48 
Qs Q2 Qa Q3 Q: Qi 
1 1 25004.25 (3) 00  24909.53 - oe 487.11 3 470.03 4d 460.42 
2 3  25026.31 (2) © 24978.16 (2) 00 911.92 se § 410.65 1 394.46 Sd 386.09 
. 2 004.25 (3) 00 961.24 1 907.34 16 3 328.56 3 313.22 4 305.88 
4 0 24978.16 (2) 2 939.56 3 895.92 (2) | 17. 3 240.59 4d 225.94 3 219.37 
. 3 947.87 2 913.75 2 877.65 18 4 146.40 4 132.59 5 126.81 
6 2 914.25 2 883.66 2 853.65 19 «2 046.12 2 033.03 2 027.95 
7 3 877.09 2 $49.03 2 823.79 20 2 23939.46 1 23926.92 Id  23922.35 
s 3 835.59 2 $10.03 2 788.50 21 1 826.24 3 814.04 1 810.23 
9 2 789.87 2 766.12 2 747.61 22 1 706.05 1 694.58 2 691.02 
10 3 739.36 2 717.38 2 701.30 231 578.50 0 567.62 0 564.83 
11 2 684.08 2 663.55 3 649.49 24 «0 442.10 0 433.37 0 431.07 
12 2 623.66 1 604.46 3 592.21 25 0 295.42 00 291.66 0 289.53 
3s 32 558.09 4 539.97 4 529.17 26 00 142.04 0 140.37 
P; P2 Pi P; P2 Pi 
5 00d 24815.34 14 2 136.87 5 126.81 (2) 3 113.99 
6 15 id 039.67 1 030.58 3 019.11 
; t 691.57 (2) 00  24669.72 1 24637.38 16 1 23937.55 0  23929.22 3d 3919.11 
8 0 624.75 0 605.44 17. 0 830.56 2d 822.65 3 814.04 (2) 
9 Od 512.66 (2) | 18 0 718.52 0 711.38 0 703.39 
10 Id 479.22 1 464.13 id 442.90 19 0 600.71 0 594.34 00 587.38 
111 400.35 0 386.41 1 368.28 20 0d 477.77 00 471.87 0 465.62 
oe 317.07 0 304.78 1 288.50 21 0 348.94 00 338.16 
13. 4d 229.34 2d 218.18 (2) 3 203.72 22 00 204.87 
Taste IV. difference g#(K) — gia(K) = Avia(K) is known as 
(a) Branches of (1,1) band (observed). A type doubling. . 
K Int. » (vac) INT. » (vac) INT. » (vac) 2. Multiplet splitting in the 3p state 
Q: Q: Qi ° . 
J > me The energy in the lower state is represented by 
5 0 26898.78 Od  26865.48 0 826.68 ; i > is strictly case 6. The term 
¢ 854.99 os a28-44 192.8 pe na az ae ictly — tee 
1 805. 1 x 50.88 . = Aw. sponding to e dil- 
<?. ee 4 Be | i ee aes cee 
. 2¢ . . y ngular momentum 
10 1 622.13 602.24 1 582.82 Stent Varese re 4 - . om & > Kyh h 
11 Od 548.20 id 530.47 (2) 1d 512.81 (2) = as the 
Bod ier sist isan © — eo n the term f,(K, ) 
13. Od 380.59 1 67.66 1 83 (2) ollowing values.’ 
14 3 287.39 (2) g 
15 Od 184.90 1 160.78 1 159.50 (2) 
16 0 052.90 (2) “J=K-+1, fi=—e1-3, (2K+3) ]+7K (3) 
(b) Branches of (1,1) band (calculated by 4 band J=K, fo=2e—¥ (4) 
combinations). J=K-1 f 1 3/(2K 1)] (K+ 1) (5) 
sii, 3=—e_l+ = <_<. 
Qs Q:2 Qi 
4 26852.28 «and y being constants. Subtracting (3) from (4) 
5 26898.83 26865.33 826.71 
6 854.62 825.22 792.49 and (5) from (4), 
7 805.66 778.87 750.79 
x 750.53 25.84 : 
9 689.69 667.57 645.99 Afe:(K) =3e[1—1/(2K +3) ]—y(K+1) (6) 
Hf $201 7 3 ee ee Ee gg 
il 48.27 530. : , 
12 467.70 451.84 435.29 Afes(K) =3e[1+1/(2K —1)]+7(K). (7) 
13 380.47 367.65 350.77 
14 286.15 , 
15 184.80 160.33 159.50 Experimentally Afe:(K) and Afes(K) were ob- 
16 








served by taking the differences.® 
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4 BAND SPECTRUM OF OH? 61 
x TABLE V. A2F,;""(K) =R(K—1)—P,;(K+1). 
= 
——— | 
(0,0) banc (1,0) band (0,1) band 
K AF 3"’(K) AoF2’’(K) AsFi"’(K) AoF3’’(K) AsF9""(K) AoFi"(K) | AsFs’’(K) AF 2'’(K) AsF1"’(K) 
2 163.99 
3 229.77 229.58 229.69 228.92 
4 294.57 294.75 293.66 294.41 293.93 | 280.41 
5 358.77 358.79 358.14 359.04 357.96 358.27 | 
6 422.96 422.51 422.41 423.09 422.56 422.36 | 404.18 404.00 403.55 
7 486.41 486.09 485.58 486.39 486.13 485.74 464.74 464.37 
8 549.20 548.82 548.72 549.33 549.01 548.63 524.39 
9 611.34 610.95 610.68 611.31 610.96 610.56 583.99 583.59 583.41 
10 672.24 672.02 671.73 672.43 672.16 671.77 642.35 642.26 641.65 
11 732.46 732.25 732.03 732.50 732.28 731.92 699.80 699.47 699.14 
12 791.67 791.37 791.17 791.73 791.43 791.11 } 756.19 755.98 755.68 
13 850.11 849.50 849.34 849.83 849.50 849.39 811.49 811.28 810.97 
14 906.83 906.73 906.33 907.03 906.31 906.19 865.90 865.34 865.26 
15 962.55 962.30 962.11 962.46 962.18 961.90 919.05 918.69 918.37 
~ 16 1016.93 1016.94 1016.45 1016.76 1016.13 1016.32 | 970.68 970.73 970.06 
- 17 1069.97 1069.77 1069.38 1070.53 1069.82 1069.60 1020.84 1020.97 1020.55 
18 1121.52 1121.23 1120.97 1121.50 1121.22 1121.11 | 1070.13 1069.94 1069.63 
% 19 1171.68 1171.46 1171.10 1171.65 1171.22 1170.84 1117.50 1117.98 1117.05 
: 20 1219.78 1219.69 1219.57 1219.78 1219.59 1219.68 1163.72 1163.30 
+ 21 1266.89 1266.62 1266.52 1266.95 1265.97 1266.49 1207.46 
* 22 1312.01 1311.76 1311.46 1311.86 1311.54 1311.02 
3 23 1355.26 1355.10 1354.91 1355.11 1354.77 1355.79 
& 24 1396.92 1396.49 1396.60 1396.95 1396.47 
2 25 1436.43 1435.91 1436.68 1436.44 
: 26 1476.02 1474.14 
m4 27 1510.35 
a 
& — $< — — — —— = —_—_—— = — — 
2 
4 TABLE VI. AoFi,'(K) = R;(K)—P;(K). 
5 —_—_—_—_—_—_—_—_—_—_—_—_—————————— a ——————— = ——— 
; } 
5 (0,0) band | (0,1) band | (1,0) band 
P| K A:Fy’(K) A2F’(K) A2Fw'(K) | 42F%’(K) A2F’(K) AoFw’(K) | AeFw’(K) AaF’(K) oF w’(K) 
y 2 111.07 124.26 155.87 
Z 3 167.85 180.10 202.38 
ts 4 224.54 235.07 251.22 236.17 
Re 5 280.34 287.67 300.87 280.41 262.89 282.22 
i 6 334.22 339.96 350.09 312.15 317.38 328.37 
7 387.27 391.48 399.80 387.27 391.92 399.67 361.52 366.31 374.63 
? & 438.74 442.16 448.77 438.46 442.28 409.43 413.42 420.51 
aA 9 488.60 491.70 497.00 497.27 456.48 459.54 466.72 
¥ 10 537.58 540.11 544.56 537.65 540.12 544.74 501.94 504.72 505.08 
11 585.00 587.15 591.00 585.18 587.75 591.12 546.23 548.73 549.18 
¥ 12 631.47 633.15 636.50 631.29 633.31 636.46 589.30 591.38 597.27 
13 676.11 678.00 680.65 676.23 677.74 680.65 631.26 632.80 636.16 
“] 14 719.59 721.05 723.53 719.73 721.10 723.49 671.67 672.75 675.57 
15 761.43 763.07 764.91 761.57 762.80 764.99 710.81 711.13 713.68 
16 801.63 802.89 804.73 801.81 803.13 804.83 748.65 748.33 750.54 
17 840.15 841.19 842.99 840.28 841.63 842.97 788.34 783.28 785.94 
18 877.01 878.09 879.47 876.75 878.07 879.28 803.86 817.54 819.17 
19 911.68 912.71 914.05 911.95 912.81 914.08 836.61 849.10 850.65 
20 944.77 945.57 946.80 945.53 945.54 946.71 885.84 878.64 880.52 
21 975.43 976.24 977.48 975.30 977.54 907.62 906.54 908.73 
22 1004.34 1005.04 1006.24 1005.16 1005.99 932.39 932.19 937.23 
23 1030.95 1031.51 1032.54 955.64 956.06 962.13 
24 1054.88 1055.70 1056.25 976.74 977.10 984.59 
25 1076.91 1077.14 1078.61 996.51 
26 1096.50 1099.80 1013.75 
27 1115.46 








Afei(K) =Q:(K) —°Rie(K) 
=°P2(K) —Q2(K) 
= P,(K) —"Q12(K) 
="Q2(K)—R2(K), 

A fes(K) = Qs(K) —°Ps2(K) 

=°Res(K) —Q2(K) 

="Q2(K) —P2(K) 
= R3(K) —"Qs2(K). 





(8) 


(9) 
































The differences 
positive. 

The satellites corresponding to Afe(K) are 
easily picked out by observation while those be- 
longing to Afes(K) are less intense and in very 
many cases coincide with lines of greater in- 
tensity. For this reason, the constants, ¢ and y, 
were determined by averaging all observed values 
of Afe:(K), ignoring coincidences, and fitting the 
resulting points by least squares. The values of 
e and y were then used to calculate the values of 
Afes(K). The satellites corresponding to Afs3(K) 
could then be assigned by using relations (9). 





defined in this way are all 













































62 F. W. LOOMIS AND W. H. BRANDT 
TABLE VII. Aj Fite’ (K+ 4) = Ri(K)—Q,(K); Ai Fias’(K — $) =Q;(K) —P;(K). 
3 S 3 3 3 3 2 3 S 3 3 S 
+ | ss i + ! + | + ! + | 
S ~ ~ x ~ ~ I ~ I S ~ 
3 3 a 3 2 3 3 3 a a i 3 
< < < < < < < < < < < < 
x 4 4 4 4 4 4 ie 4 4 4 4 4 4 
(0,0) band (0,0) band 
1 32.25 } 15 390.44 370.99 399.03 364.04 397.82 367.09 
2 62.27 48.80 78.43 45.83 89.45 16 410.68 390.95 418.90 383.99 417.93 386.80 
3 91.36 76.49 106.28 73.82 113.43 88.95 17 430.11 410.04 438.17 403.02 437.40 405.59 
4 119.68 104.86 133.53 101.54 138.00 113.22 18 448.65 428.36 456.73 421.36 455.90 423.57 
5 147.73 132.61 159.84 127.83 163.31 137.56 19 466.13 445.55 474.11 438.60 473.41 440.64 
6 175.06 159.26 186.35 153.61 187.96 162.13 20 482.72 462.05 490.49 455.08 489.98 456.82 
7 201.73 185.54 212.23 179.25 213.27 186.53 21 498.17 477.26 $05.92 470.32 505.41 471.96 
x 227.83 210.91 237.57 204.59 237.94 210.83 22 $13.18 491.16 520.29 484.75 519.93 486.31 
9 252.93 235.67 262.63 229.07 262.34 234.66 | 23 526.13 504.82 533.50 498.01 $33.31 499.23 
10 277.61 259.97 286.83 253.28 286.53 258.03 | 24 537.67 517.21 545.30 510.40 544.74 $11.51 
11 301.44 283.56 310.49 276.66 309.81 281.19 | 25 548.42 528.49 555.82 $21.32 $56.11 522.50 
12 325.06 306.41 333.62 299.53 332.87 303.63 26 558.27 538.23 564.28 $31.91 567.32 $32.48 
13 347.43 328.68 356.22 321.78 355.23 325.42 | 27 566.80 $48.68 540.88 
14 369.32 350.27. «= 377.77 += 343.28 © 376.95 346.58 | 28 $73.55 
(0,1) band | (0,1) band 
2 89.22 | 15 390.59 370.98 398.92 363.88 398.01 366.98 
3 91.50 106.14 113.49 | 16 410.80 391.01 419.13 384.00 418.06 386.77 
4 119.57 133.16 138.05 17 430.25 410.03 438.34 403.29 437.64 405.33 
5 147.88 132.53 159.97 163.28 | 18 448.87 427.88 456.86 421.21 455.86 423.42 
6 175.24 186.15 188.17 19 466.54 445.51 474.12 438.69 473.51 440.57 
7 201.75 185.50 212.61 179.31 213.26 186.41 20 483.84 461.69 490.49 455.05 489.98 456.73 
8 227.62 210.84 237.69 204.59 237.81 | 21 498.00 477.30 505.99 505.47 472.07 
9 252.83 262.55 262.32 234.95 | 22 $12.13 490.40 520.22 519.84 486.15 
10 277.51 260.14 286.87 253.25 286.34 258.40 23 526.08 533.49 $33.15 
11 301.45 283.73 310.61 277.14 309.91 281.21 24 545.48 545.06 
12 324.70 306.59 333.63 299.68 332.75 303.71 25 556.16 556.65 
13 347.48 328.75 355.95 321.79 355.20 325.45 26 567.66 
14 369.49 350.24 377.88 343.22 377.06 346.43 | 
(1,0) band (1,0) band 
2 82.72 15 346.58 325.09 379.82 331.31 370.73 342.95 
3 107.01 | 16 366.49 344.32 393.39 354.94 389.59 360.95 
4 84.70 123.10 129.79 106.38 | 17 386.41 362.24 409.63 373.65 407.42 378.52 
5 113.70 147.83 153.26 128.96 18 408.79 379.55 425.97 391.57 424.20 394.97 
6 139.79 123.10 172.58 144.80 176.65 151.72 | 19 407.68 396.18 441.45 407.65 440.08 410.57 
7 165.64 146.51 196.74 169.57 200.16 174.47 20 430.20 406.41 455.96 422.68 455.40 425.12 
& 190.30 171.22 220.77 192.65 223.61 196.90 21 446.81 439.03 469.77 436.77 469.37 439.36 
9 214.55 194.88 243.18 216.36 247.66 219.06 | 22 461.15 446.47 482.30 449.89 484.68 452.55 
10 238.00 218.48 265.55 239.17 264.59 240.49 | 23 473.99 458.40 493.89 462.17 463.86 
11 260.95 240.99 287.24 261.49 288.57 260.61 | 24 486.19 469.45 504.63 472.47 473.49 
12 283.18 263.05 307.98 283.40 310.42 286.85 | 25 496.66 480.08 514.05 482.46 
13 304.96 284.34 326.72 306.08 331.04 305.12 26 489.73 520.66 493.09 
14 326.07 305.19 337.88 334.87 351.24 324.33 | 27 497.87 
° , oa ‘4 
In Fig. 2 are plotted the average observed AiFina (K+) =Ri(K)—Qi(K), 


values of Afe:(K) and Afes(K) (including coin- 
cidences) against K. The curves represent Eqs. 
(6) and (7) with the following values of the 
constants: 


3e=2.29cem™, y=—0.132 cm. 


The approximate agreement of the full circles in 
Fig. 2 with the curve establishes the adequacy of 
Eqs. (6) and (7) in this case. 

3. Fine structure of the ‘II state 


A type doubling. The A type doubling, as 
deducible from measured frequencies, is really 
the average of two successive doublings, i.e., 


2Avina(K +4) =AiF a’ (K+4) —AiFias’ (K+) 
= Avina(K)+Ava.(K+ 1), 


where 


Ai Fia' (K—3)=Qi(K) —P(K); 


Avina(K+ 4) plotted against K is shown in Fig. 3. 

These values of the A type doubling can be 
used, as was done in the case of the first positive 
nitrogen bands by Naudé,' to determine whether 
the *II level is normal or inverted. According to 
theory’® the A type doubling in case a should 
behave as follows: The *IIp level should show a 
comparatively large doubling independent of 
J, which should therefore exist even for J/=0. 
The doubling of the *II, levels should be pro- 
portional to J(J+1) and that of the “Il, levels 
should be very small and approximately pro- 
portional to J*(J+1)*. In case b all three levels 
should show doublings approximately propor- 

Hill and Van Vleck, Phys. Rev. 32, 250 (1928); J. H. 


Van Vleck, Phys. Rev. 33, 467 (1929); R. S. Mulliken, 
Rev. 


Mod. Phys. 3, 145 (1931). 


< Raa 


—" 





ees RD ae 





ee a eT 


, 





sen 
rep 
are 


y= 
tic 
co! 
ta’ 
th 
b, 
37] 
th 
dis 
of 
of 
of 


en 


ca 
A ’ 
th 


gr 
ob 












MeN SYLOSS SON” 
te Dine ncunoco 
oa MO bo <3 20S 


be 
ve 
ler 
to 
Id 











BAND 














Ate 4 
oe , 





Fic. 2. Multiplet splitting in the *> state. Circles repre- 
sent average of all observed values of Afx(K). Dots 
represent average of all observed values of Afs;3(K). Curves 
are drawn through points calculated, using 3e=2.29 cm“, 
y= —0.132 cm™. 


tional to K(K+1). The curves in Fig. 3 do not 
correspond to either of these cases but are quali- 
tatively in consonance with the assumption that 
the *II state is intermediate between cases a and 
b, and that the high frequency set of levels, 
*Mnigh 1S *IIo that *IImea is *II, and *IIjoy is *Ize, 
that is, the *II level is inverted. The method of 
distinguishing between these sub-levels by means 
of ‘‘missing lines” is not applicable here because 
of the large number of lines in the neighborhood 
of the origins. 

The erratic behavior of the A type doubling 
in the v’=1 state is due to the perturbations 
in that state. The assignments, however, are 
checked by AF” combinations. 

b. Multiplet splitting. In the absence of a closed 
energy expression for the case of coupling inter- 
mediate between cases a and 3, it seems that one 
can at best obtain a rough value of the coefficient, 
A, by assuming that case a is approximated at 
the lowest values of J. Then: 


where J is the argument‘ or 
5]T2(1) —*]T,(1) =]7T,(1) — *]T9(1) =A +B 


where K is the argument. A type doubling is too 
great to neglect but a fair value should be 
obtained by averaging the a and b separations. 
These separations are observed by using 


1 1a(K) —*IMoa(K) =°P32(K) —Q2(K), 
31124(K) —]1,,(K) =°R1.(K) —Q.(K), 
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Fic. 3. A type doubling in the v’=0 and v’=1 levels of 
the *II state. Ava. (K+1/2) plotted against (K+1/2). 
Upper figure is for v=0. Lower figure is for v=1. Dotted 
lines are drawn between points corresponding to the same 
component of the *II state. Erratic behavior of A type 
doubling when v= 1 is due to perturbations. 


*Iw(K) —*lMo(K) ="Q2s(K+1)—P3(K+1), 


*1To,(K) — 81 w(K) ==" O12(K +1) —P2(K +1). 


These were plotted near the origin and extra- 
polated to K=1, when necessary. The values of 
A so determined are 


377,—"Ih, A=—66cm™", 
311. —*II, A=-—97 cm". 


This considerable disagreement is probably due 
to the fact that the pure case a energy expression 
is inadequate even for these low values of J. 
Similar but smaller differences have been found 
in PH‘ and in the first positive bands of nitrogen.° 


4. Rotational and vibrational constants 


The constants B,, D, and F, are evaluated by 
taking the second differences, 


AoF(K) = Fi(K+1)—F(K-—1). (10) 


Eqs. (3), (4) and (5) show that in a *2 state, the 
best value of the constants should be obtained 
by taking second differences of F: since the term 
f<(K, J—K) is constant for this component of 
the multiplet. Now 
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TABLE VIII. A type doubling. 
(0,0) band (0.1) band (1,0) band 
(K +4) Avwa(K +4) Avma(K+4) Avua(K +4) Avwa(K +4) Avaa(K+4) Ara(K+4) | Avua(K+4) Avua(K+4) Avita(K +4) 
1.5 —8.22 
2.5 —7.11 2.30 0.25 
3.5 —6.75 2.37 10 | 0.31 
4.5 —6.46 2.85 22 —6.48 | —4.70 41 
5.5 —5.76 3.11 .59 } —3.36 1.51 77 
6.5 —5.24 3.55 71 —5.13 3.42 0.83 —2.79 1.50 1.09 
7.5 —4.59 3.82 1.22 —4,54 4.01 —2.29 2.04 1.63 
8.5 —3.92 4.25 1.64 1.43 — 1.96 2.20 2.27 
9.5 —3.52 4.67 2.15 —3.65 4.65 1.96 —1.49 2.00 3.58 
10.5 —2.97 5.08 2.67 —3.11 4.86 2.56 —1.05 2.03 
11.5 —2.48 5.48 3.09 —2.57 5.46 3.10 — .58 1.92 86 
12.5 —1.81 5.92 3.72 —2.02 5.92 3.65 = i 95 2.65 
13.5 — 1.42 6.47 4.32 — 1.38 6.36 4.38 49 —4.07 3.35 
14.5 — 83 6.86 4.94 — .74 7.00 5.04 1.13 4.14 
15.5 — .25 7.52 5.51 — .21 7.46 5.62 2.12 12.44 4.89 
16.5 .32 7.94 6.17 38 7.92 6.36 3.43 9.87 5.53 
17.5 87 8.40 6.91 1.18 8.56 7.11 6.30 9.03 6.22 
18.5 1.55 9.06 7.63 1.73 9.08 7.64 9.16 6.81 
19.5 2.04 9.51 8.29 2.42 9.53 8.39 —4.41 9.38 7.48 
20.5 2.73 10.08 9.01 3.02 8.95 17 9.59 8.02 
21.5 3.50 10.58 9.55 3.80 9.66 1.37 9.94 8.41 
22.5 4.18 11.14 10.35 2.27 10.06 10.41 
23.5 4.46 11.55 10.90 3.05 10.71 12.39 
24.5 4.59 11.99 11.12 3.49 11.33 
25.5 5.09 11.95 11.81 10.38 
26.5 4.80 13.22 
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AoF,!"(K) =4B,"(K+3)+8D,"(K+3 


+12F,(K+3)8+-++, (11) 


where terms small in comparison to 12F,(K+4)5 
are dropped. Also 

















As o'’ (K)=R2o(K —1)—P2(K+1). (12) 
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Fic. 4. Observed values of A.F,’"(K)/4(K+1/2) are 


represented by circles. Curves are drawn through values 
calculated by using Table XI. In the case of the upper 
state observed values of A2F;’ are the average of A2F2_. and 
A2Fo». 


The calculation is greatly simplified by dividing 
AsF2'"(K) by 4(K+4) giving B,’’+2D,"(K+}4)? 
+3F,’"(K+4)*4. The value of F,”’ was deter- 
mined by using 3 values of A2F,"’/4(K+ 4) and 
solving the resulting simultaneous equations. 
The values of 3F,’’(K+4)* were then subtracted 
from the observed values and B,” and D,”’ were 
calculated by least squares. 

In the *II state there should be an expression 
for AF,’ similar to Eq. (11) except for A type 
doubling. The theory of A type doubling for 
cases intermediate between a and 0 does not 
permit an exact correction for this, but fairly 
accurate results should be obtained by using the 
average, 


AoFo!(K) =(A2F2q’+A2Fx’)/2 where 
AeF»'(K) =R2(K) —P2(K), 
A2F2.'(K) =Q2(K —1) —Q2(K +1) 
—A2F,’(K). 


(13) 


(14) 


This procedure was followed in the *II, state 
(v=0) with observations from the (0,0) band, 
but it cannot be used in the “II, state (v=1) 
because of the perturbation in the Q2 branch of 
the (1,0) band (see Figs. 3 and 5). Since taking 
this average simply amounts to adding the dif- 
ference of two A type doublings to AsF»2,’, it is 
sufficiently accurate to add the same term as 
was added for v=0. The correction is small, 
averaging less than 1 cm™~. In Fig. 4 the circles 
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Fic. 5. The perturbation in the Q2 branch of the (1,0) band. Circles show K plotted against plate position 
for all three Q branches. Heads of the OH bands at 3484A and 3428A are indicated by arrows; the former 


being marked (1), the latter (2). 


show resulting values divided by 4(K+4) and 
plotted against K. The Hill and Van Vleck" 
theory of multiplet separation would lead one to 
expect this curve to be almost constant near the 
origin and to have an intercept= By’, while the 
actual curve bends downward for values of K <5. 
This might be due to an error in assignment, but 
such an explanation seems improbable due to the 
fact that combination relations check well near 
the origin and that intensities of lines assigned to 
all branches run quite smoothly. Also A2F2,’ and 
AsF»,’ differ by less than 1 cm near the origin 
which would hardly be expected if there were an 
error in assignment, and the A:F,’’(K) values 
which are obtained from the same lines fit the 
theory very well. 

Values of AoFs'(K) for K<5 were ignored in 
computing constants. The calculation was carried 
out in the same manner as for the *D state. 

The values of all constants are given in Table 
XI. In Table I[X(a) are tabulated observed values 
of [AsF2’’(K) ]/[4(K+4)] and values calculated 
from the constants. Table IX(b) gives corre- 
sponding values for the *II state. These data are 


" Hill and Van Vleck, Phys. Rev. 32, 250 (1928). 


plotted in Fig. 4 with the curves drawn through 
points calculated from the constants. The dif- 
ferences AoF2(K)(obs.) — AsF2(K)(calc.) are also 
given in Table IX. 


B, and D, depend upon the vibrational 
quantum number in the following manner: 
B,=B,—av+})+:=>, (15) 
D,=D.+B(v+3)+°::, (16) 
so that 
a.=B,)—B,, (17) 
B.=D,—Dp. (18) 


Using Table I with Eqs. (15)—(18) gives for the 
lower state, 

ae’ =0.732 cm 

8.’ = —0.053 X10-* cm“ 

B.” =16.793 cm 


DD.’ = —-1.957 & 10-3? cm 


for the upper state, 
B,/ =13.642 cm™, 
D/ =D = —1.782 cm. 


a,’ =0.841 cm~', 


B.’=very small, 






































constants. 


w= —4B3/D,,. (19) 


This gives the values 


> 1 


we =311lem™, w,’=2387 cm 


By extrapolating the Q2 branches to the origins, 
and subtracting, approximate values of w,; May 
be obtained where w;=w,—2x.w,. These values 


are, 
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_ = Ao PF." (K 
TABLE IX (a). —— K) 
4(K+}) 
7=0 =1 
K AoF2"(K bey a2F2/"(K) le) a22/"(K) (obs.) AoF2!"(K ,  42F2"(K) A2F2/’(K) (obs.) 
4a(K+}) °°" 4K+}) ‘““ ~A2F2!(K) (cal K+) (08 UK+}) CA) —soF2"(K) (cak 
? 16.388 16.403 —0.15 2 15.672 
3 399 .380 27 3 649 
4 .375 .349 47 4 .619 
5 .309 310 —.02 5 581 
6 .250 265 —.39 6 15.538 .537 0.03 
7 .203 211 —.24 7 479 482 —.09 
8 142 .150 —.27 8 426 
9 078 081 —.11 9 358 15.359 —.04 
10 000 .006 —.25 10 292 286 25 
11 15.918 15.923 —.23 11 206 .205 05 
12 827 834 —.35 12 .120 118 10 
13 731 .736 —.27 13 024 024 00 
14 -633 632 .06 14 14.920 14.924 —.23 
15 521 .522 —.06 15 818 817 .06 
16 .408 405 .20 16 708 703 33 
17 .282 281 .07 17 585 585 00 
18 .150 151 —.07 18 459 460 —.07 
19 017 015 16 19 333 .328 39 
20 14.874 14.873 08 20 192 
21 728 .726 17 1 044 .049 —.43 
22 575 .572 7 
23 416 414 19 
24 250 .250 00 
‘i ‘ AoFs'(K) — AoFoa'(K)+AoFx'(K) 
TABLE IX (b). ————_~ = SS — —. 
4(K+4) 8(K+}) 
v=0 =1 
——s - _ = a 
» re | fea fe? (¢ 8.) 9’ Fo’ »F 2’ obs 
K = XD obs.) ae S cond, ) defy’ (K) ibe. Kj AeFs'(K) obs.) AePs'(K)- 10.) AeM's’(K) (obs.) 
4(K +}) K+}) —A2F2'(K) (calc.) ‘ 4(A +3) 4(K +4) —A2F2'(K) (cale.) 
2 12.426 13.200 —7.74 2 12.359 
3 859 .178 —4.46 3 337 
4 13.033 .150 —2.11 4 308 
ns) .064 113 — 1.08 5 .272 
6 059 .070 —.31 6 12.190 .228 —0.99 
7 040 018 —.42 7 201 177 66 
8 12.992 12.960 .96 8 147 117 8&8 
9 929 .893 1.36 9 083 051 99 
10 .850 817 1.38 10 007 11.976 1.30 
11 .755 .734 .97 11 11.901 .893 .38 
12 654 642 .60 12 819 801 -90 
13 545 540 .22 13 .708 702 32 
14 425 430 —.24 14 592 593 —.06 
15 .297 .309 74 15 459 .475 —.99 
16 158 181 —1.45 16 332 348 —1.05 
17 010 .040 —2.10 17 183 .212 —2.03 
18 11.856 11.890 —2.52 18 .038 065 —2.00 
19 -694 .728 —2.57 19 10.879 10.908 —2.34 
20 524 554 —2.46 20 708 741 — 2.60 
21 345 369 — 1,98 21 535 563 —2.41 
22 161 171 —.90 22 352 .374 —1.97 
23 10.968 10.961 75 23 166 .173 —.66 
24 -767 .736 3.13 24 9.966 9.960 48 
25 .555 .498 5.92 25 .765 .735 3.04 
26 .559 .496 6.68 
rr . . . , ec , > 
The following relation also exists between w)"=2955 cm, w,’=1986 cm—. 


By comparison of the values of w, obtained 


from Eq. (19) with those of w; it can be deduced 
that x,"w,"’=73 cm and x,'w,’=200 cm-, but 


it is doubtful whether the constants in Eq. (19) 


are known with sufficient accuracy to justify 
much confidence in these values of x.w,. Cer- 
tainly estimates of the energies of dissociation 


based upon them would be highly precarious. 


F, is a function of v, but it is not worth while 
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TABLE X. Multiplet splitting in the lower state. 


GREEN 





LINE 


TABLE XI. Molecular constants. 











K Afu(K) (obs.) Afn(K) (cale.) Afes(K) (obs.) Afes(K) (calc.) 
(average) (average) 

2 2.72 2.36 2.40 2.80 
3 2.71 2.57 2.30 2.36 
4 2.67 2.74 1.81 2.10 
5 2.80 2.90 1.52 1.89 
6 3.06 3.06 1.30 1.71 
7 3.46 3.21 1.60 1.55 
8 3.66 3.36 1.16 1.40 
9 3.66 3.50 1.29 1.25 
10 3.67 3.64 85 1.10 
11 4.00 3.78 

12 3.70 3.92 

13 4.22 4.06 

14 4.25 4.19 

15 4.27 4.33 


to distinguish between F, and F,. F, may be 
calculated by using 


F.=(D2/B,.)[2—aw./6B2), (20) 


giving 

F,! =1.51X10-7,  F,’ =0.468 10-7 
as compared with 

Fo" =1.31X10-7, Fo’ = —3.21X10-’, 


Fy’ =1.41X10-7,  Fy’=—2.42X10~. 
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Bo” = 16.427 cm~! 
v=0 Do” = —1.931 X10™3 cm™! 


Bo’ = 13.222 cm= 
Do’ = — 1.782 X 1073 cm™! 


Fo” =1.31 X107 cm™ Fo’ = —3.21 X107 cm" 
Bi” = 15.695 cm= B,’ = 12.381 em™ 
v=1 D,"’ = — 1.878 X 1073 cm™ Dy’ = —1.798 X 107? cm™ 


Fy’ =1.41X107 cm” Fy’ = —2.42 X1077 cm™ 


B,”’ = 16.793 cm™ B,’ = 13.642 cm 


D,!’ = —1.957 X10 cm" De = Do’ = —1.782 X 107? cm™ 
ae” =0.732 cm™ a,’ =0.841 cm™ 

B.”’ = —0.053 X 1073 cm™ B." very small 

I,’’ = 1.647 X10-* g cm? I,’ =2.028 X10~ g cm? 

re’ =1.027 X10-§ cm re’ = 1.139 X 1078 cm 


The agreement of F,”’ with Fy’ and F;’’ is as 
good as can be expected. F,’ does not agree with 
the values of Fy’ and F,’, being of opposite sign. 
This is probably partly due to the fact that the 
constants used in calculating F,’ are not so 
reliable as those used in calculating F,’’ and 
partly to the fact that the values of Fy’ and F,’ 
are erroneous because the observed values of 
AoF,'/4(K+4) do not fit the assumed formula 
(see Fig. 4). 

The constants, J, and r,, were calculated from 
B, in the usual manner (see Table XI). 
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The Excitation of the Auroral Green Line by Metastable Nitrogen Molecules 


JOsEPH KAPLAN, University of California at Los Angeles 
(Received September 13, 1935) 


The excitation of the auroral green line in tubes which 
show the two new afterglow spectra of nitrogen is described. 
The conditions of excitation in the present experiments 
are compared with those in the night-sky and in the 
aurora borealis. It is proposed that in both of these 
phenomena the 'S» state of oxygen which is responsible 


I. INTRODUCTION 


NE of the most striking characteristics of 

the auroral green line in both auroral and 
night-sky spectra is that, with the exception of 
the two relatively weak red lines \6300 and 
46363, it is the only oxygen line present. This 
peculiar fact immediately suggests of course that 
some special process or processes are responsible 
for the production of this line. Naturally, many 
such processes have been proposed during the 





for the green line is produced by collisions between oxygen 
atoms and metastable nitrogen molecules in the A*= state. 
Processes by which oxygen atoms may be excited to the 
1S» state in the night-sky and in auroras which have been 
proposed by other authors are discussed. 


few years since the definite identification of this 
line as the transition '\Sy—'D, in oxygen. Some 
of these proposals will be discussed briefly later 
in the paper. My own feeling has been that the 
most conclusive way by which to explain the 
excitation of the green line is to produce it in a 
laboratory experiment in such a way that both 
its appearance and mode of production fit in 
with observed and hypothetical facts about the 
upper atmosphere. 
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In 1928' a significant step toward the “‘natu- 
ral’ production of the green line was taken in 
the excitation of the line in active nitrogen. In 
all earlier studies of the excitation of oxygen by 
active nitrogen, only the band spectrum of nitric 
oxide had been observed. In this experiment 
the green line appeared most intensely in a 
mixture of 4 percent Oz, and 96 percent Noe. 
Soon after this experiment, I realized that much 
more had to be done before the above-mentioned 
“natural”’ production of the green line could be 
achieved. In addition to the green line, there 
were present in the spectrum the bands of NO 
and the first-positive bands of Nz. Now no nitric 
oxide bands have ever been observed in night-sky 
or auroral spectra, and furthermore the first- 
positive bands which were associated with the 
green line in my laboratory experiment were not 
the same as those which are associated with this 
line in auroral spectra. Thus, there was an 
obvious need for further study of the excitation 
of the green line. The results of this study will 
now be described and discussed. 


II. EXPERIMENTAL METHOD AND RESULTS 


The apparatus was the same as that in which 
the nitrogen radiations in auroral spectrum have 
been produced.” It was necessary first. to bring 
the nitrogen tube to the condition in which it 
shows a strong afterglow when a strong uncon- 
densed discharge is passed through it. It may be 
recalled here that the spectrum of the afterglow 
in this case, instead of consisting of the well- 
known first-positive bands of Ne, is made up of 
the first-negative bands of N.t, the second- 
positive bands of Ne and a few first-positive 
bands which originate on very high vibrational 
levels. The spectrum of this afterglow has been 
published and discussed elsewhere. Into this tube 
there is introduced a trace of oxygen from a side 
tube containing KMnQ,. In the first experiments 
the discharge was rapidly interrupted in such a 
way that the current in the bulb did not reach 
a value as large as it would have in a steady 
state. The center of the bulb was in fact very 
much like a dark space although there was a 
feeble red discharge in that region. The reason 
for this procedure was that I expected an 


' Kaplan, Phys. Rev. 33, 154 (1929). 
2 Kaplan, Phys. Rev. 42, 807 (1932); 34, 671 (1934). 
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accumulation of nitrogen molecules in the A*= 
metastable state in the region of very low current 
because of the expected absence there of collisions 
which would cause transitions from the A*Z to 
higher states. The spectrograph was pointed 
toward the center of the bulb and a long exposure 
on an Eastman Astronomical Green Sensitive 
plate yielded some startling results which have 
already been briefly described in Nature.* The 
green line was present with a relative intensity 
such that the normally strong first-positive bands 
in the region of the green line were almost 
completely missing on a plate which was strong 
enough to be enlarged and printed. This plate 
has been reproduced in the note in Nature to 
which we referred above. The N2* bands which 
are usually strongly excited in the completely 
formed discharge, are absent from this rapidly 
interrupted discharge. No nitric oxide bands were 
present in the visible so that we apparently had 
a more “natural’’ green line excitation than in 
the 1928 experiments. 

In a later experiment, which also has been 
briefly described in Nature,‘ it was possible to 
increase the relative intensity of the green line 
considerably over that described in the last 
paragraph. The method of production and ob- 
servation of the line is essentially the same as 
before with the exception of the current through 
the tube. This was diminished almost to the 
point where it vanished, and once again the 
discharge was rapidly interrupted. Fig. 1 shows 
one of the resulting spectrograms. 

After the completion of these experiments it 
was suspected that most of the green line radia- 
tion in rapidly interrupted discharges arises in 
the afterglow associated with the discharges. 
Because of the extreme weakness of this after- 
glow in the visible, no attempt has been made to 
observe it carefully, although this will be done. 
Evidence for the hypothesis that the green line 
is mainly an afterglow radiation is the discovery 
of a strong ultraviolet afterglow associated with 
rapidly interrupted weak discharges in nitrogen. 
This has been described elsewhere.‘ For our 
purposes here it is necessary only to say that 
the Vegard-Kaplan bands contribute a large 
fraction of the afterglow radiation, and that this 


’ Kaplan, Nature 135, 229 (1935). 
‘ Reference 3, p. 1034. 
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Fic. 1. Spectrogram showing the second-positive bands. 
The line 5577.35 is shown at the right. 





contribution increases as the current decreases. 
Since the relative intensity of the green line also 
increases in the same way it is reasonable to 
suppose that the green line is produced in the 
afterglow. 

III. Discussion 


The strong metastable molecular radiation in 
the afterglow, as well as the weak discharge in 
nitrogen, indicates that the metastable molecule 
is responsible for the excitation of the 'Sp level 
in atomic oxygen. The green line corresponds to 
a transition from this level to the 'D, level. 
The Vegard-Kaplan bands are fairly intense in 
auroral spectra so that there must be a large 
number of metastable N2 molecules present 
during auroral displays. It seems reasonable, in 
view of our experiments, to suppose that the 
green line in the aurora is produced by collisions 
between molecules and 
oxygen atoms. 

Elsewhere, it has been reported that most of 
the night-sky radiation which is due to nitrogen 
and which lies at wave-lengths below \5000, can 
be convincingly identified as members of the 
Vegard-Kaplan bands.® This clearly proves the 
presence in the upper atmosphere of a consider- 
able number of metastable molecules even in the 
absence of auroras. While I do not propose at 
this time to discuss how these molecules are 
initially produced, I do wish to point out that 
most of the auroral green line radiation in the 
light of the night-sky must originate in collisions 
between oxygen atoms and metastable nitrogen 


metastable nitrogen 


molecules. 

It should be of some interest to mention some 
of the other hypotheses as to the origin of the 
green line in night-sky and auroral radiations. 
S. Chapman, in his 1931 Bakerian Lecture,° 
proposed an extremely fruitful idea as to the 
origin of the green line. According to this pro- 
posal, if the emission of the green line takes place 





° Kaplan, Pub. Astronom. Soc. Pacific, October. 
® Chapman, Proc. Roy. Soc. A132, 374 (1931). 
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about 100 km, atomic oxygen is responsible, and 
the reaction associated with this atomic oxygen 
layer is 20=QOg. In an interesting discussion with 
Professor Chapman it was suggested that this 
energy of recombination is used in the production 
of metastable nitrogen molecules which in turn 
excite the oxygen atoms to the ‘Sp level. Further 
discussion of this point will be presented else- 
where.’ This idea suggests other experiments 
which will be attempted soon. 

As a result of a long and extensive series of 
experiments on the production of the green line 
in the laboratory, McLennan$ and his colleagues 
have tentatively suggested metastable nitrogen 
molecules as responsible for the excitation of the 
oxygen. This is in agreement with our present 
suggestion, but it must be recalled that these 
experiments were performed in mixtures of argon 
and oxygen in which the oxygen was present in 
an infinitesimal amount. The argument was 
based on the hypothesis that in these mixtures 
the metastable *P, state of argon provided the 
energy necessary for the excitation of the oxygen. 
This state requires an excitation potential of 
11.8 volts, and in view of the recent new value 
for the A*> state of Ne of about 6.15 volts it 
is apparent that the argument presented by 
McLennen and his collaborators is not valid. 

In a paper written in 1932, Kimura discussed 
four possible processes of producing oxygen 
atoms in the 'S state. He states that it is generally 
considered that decomposition of ozone caused 
by light absorption is a cause of the emission of 
the green line. We wish to point out two objec- 
tions to this suggestion. First, no experimental 
evidence has even been presented showing that 
the green line can be produced in the above 
manner, and again most of the ozone in the 
atmosphere occurs below 40 km,'° and this is 
probably well below the region from which the 
green line is radiated. 

In closing we wish to direct attention to the 
fact that we are now observing the visible 
afterglow, and a more careful study of the 
variation of relative green line intensity with 
oxygen contact is also in progress. 

? Proposed joint publication with Professor Chapman. 

8 McLennan and Ireton, Proc. Roy. Soc. A129, 31 (1930). 

® Kimura, Sci. Papers Inst. Phys. and Chem. Res., 
Tokyo 18, 166 (1932). 

10 Gétz, Meethan and Dobson, Nature 133, 698 (1934). 
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REVIEW 


Mass Ratio of Hydrogen and Deuterium from Band Spectra 


WiLtiaM W. Watson, Yale University 


(Received October 21, 1935) 


The size of the several corrections to the observed, 
apparent B, constants of the usual rotational energy 
expression in order to obtain ‘‘true”’ B, values is calculated 
for some diatomic hydride and deuteride molecules. It is 
shown that the corrections arising from the uncoupling 
terms due to the interaction of certain electronic levels 
(Van Vleck, Mulliken) and from the inclusion of the inter- 


HE investigation of the hydrogen isotope 

effect in the spectra of several diatomic 
hydride molecules'-* has shown that the con- 
stants B, of the usual rotational energy expres- 
sions for the two isotopic molecules are never 
exactly in the ratio of their reduced masses. To 
explain this failure of the simple isotope theory 
one or more of the following effects have been 
mentioned with varying emphasis in each case: 


(a) Quantum-mechanical interaction of the electronic 
level in question with other electronic levels of the molecule 
gives rise to uncoupling terms? which make the apparent 
B (Mulliken’s B*) different from the real B.” 

(b) Inclusion of the usually neglected interactions be- 
tween nuclear and electronic motions in the calculation 
of the effective potential function makes the equilibrium 
distance between the nuclei depend slightly upon the 
reduced mass of the molecule under certain conditions." 

(c) Small corrections to the observed B,* come from the 
higher order anharmonic terms because of the interaction 
of vibration and rotation.” 

(d) The rotation of a few of the outermost electrons 
may have to be treated independently of the nuclear 
rotation, thereby causing an additional contribution to 
the moment of inertia of the molecule.!: * 


1W. Holst and E. Hulthén, Zeits. f. Physik 90, 712 
(1934). (AIH) 

2 W. W. Watson, Phys. Rev. 47, 27 (1935). (CaH) 

3 E. Olsson, Zeits. f. Physik 93, 206 (1935). (NaH) 

*E. Svensson, Die Bandenspektren des CdH und CdD 
(Stockholm, 1935). 

5 F. H. Crawford and T. Jorgensen, Jr., Phys. Rev. 47, 
358, 932 (1935). (LiH) 

®° P. G. Koontz, Phys. Rev. 48, 138 (1935). (AgH) 

7 E. Hulthén and E. Knave, Zeeman Jubilee Volume of 
Physica (1935). (AgH) 

8’ P. G. Koontz, Phys. Rev. 48, 707 (1935). (BeH) 

®J. H. Van Vleck, Phys. Rev. 33, 467 (1929). 

10 “y S. Mulliken and A. Christy, Phys. Rev. 38, 87 
(1931). 

1 R, de L. Kronig, Physica 1, 617 (1934). 

#2 J. L. Dunham, Phys. Rev. 41, 721 (1932). 

1. Hulthén, Nature 135, 543 (1935). 
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actions between nuclear and electronic motions (Kronig) 
are by far the most important for the molecules considered. 
The calculations also show that, assuming 1.0081 to be the 
mass of the hydrogen atom, the mass of deuterium has to 
be greater than the 2.01423 value given in a number of 
recent articles. A value close to Aston’s latest, 2.0148, is 
indicated. 


These corrections may be considered to be 
effectively independent of each other. We list 
them in the order of decreasing importance for 
most of the molecules. To support this statement 
and to aid in clearing up the confusion in the 
literature as to the relative magnitude of these 
reasons for the discrepancy between the B, ratios 
and the ratios of the reduced masses, we shall 
discuss briefly the size of the corrections for 
some of these hydride and deuteride molecules. 
Of some interest also is the indicated maximum 
value for the ratio of the masses of the H and D 
atoms. 

For the normal *Y state of BeD, which has 
negligible spin doubling, the observed, apparent 
B, (= Yu in Dunham’s notation) is 5.6807, the 
corresponding quantity for BeH being 10.308. 
The ratio of these B’s is 0.55110, whereas p*, the 
ratio of the two reduced masses, is 0.55062. In 
calculating this p? we use the atomic weights 
9.011, 1.0081 and 2.0148 for Be, H and D, 
respectively, the values for H and D being those 
recently obtained by Aston.'* Application of the 
anharmonic corrections (c) (Dunham's Eqs. (15) 
and (19)) changes these B values to 5.6812 and 
10.3095 which have the ratio 0.55106. This is 
but a small reduction of the total discrepancy. 
A considerably larger correction comes from 
effect (a), for which the gq coefficient for the 
A-doubling of the interacting II state is to be 
added to the observed B* to give the “‘true’’ B." 
For BeD qo=0.0043, while for BeH g=0.0142. 
Addition of these quantities raises the B values 
to 5.6855 and 10.3237 giving a ratio 0.55072. 

The difference between this ratio and that of 


4 F. W. Aston, Nature 135, 541 (1935). 
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the reduced masses may be further decreased by 
consideration of effect (b). Incidentally, both 
(a) and (b) involve the perpendicular components 
of the angular momentum of the electrons, but 
they are not the same. Kronig" shows that (b) 
introduces a correction term U(r) to the potential 
function given by 


_ kh? PL(L+1) OP) * 
U=— ee +Zf(—) ar}. (1) 
827 u r? or 


where L is the orbital angular momentum for 
the atom imagined to be formed by uniting the 
two atoms, r is the internuclear distance and ® 
the electronic part of the wave function. The 
first term in (1) produces a difference in the 
equilibrium distance between the nuclei for the 
two isotopic molecules given by the difference 
Ar, in the correction 


ry = (h?/8r?u)2L(L+1)/fro® (2) 


for the two. In (2) f is the force constant for 
the vibrations. Computation of r; for BeD as 
against BeH (Z for the ‘‘united atom”’ has the 
value 1) yields Ar; =0.63 X10-" cm, 7 being less 
for the heavier molecule. A difference in the 
equilibrium internuclear distance for the two 
molecules of 1.2210-" cm in this same sense 
would account for the whole of the discrepancy 
between the ratio 0.55072 and the mass ratio 
0.55062. The first term of (1) thus accounts for 
half of this difference. The small remainder 
might well represent the effect of the second 
term in (1) which involves the perturbation of 
this state of BeH by other near-lying states and 
is of the same sign as the first term. 

There is then at the most but very slight 
discrepancy between this legitimately corrected 
B, ratio and the ratio of the reduced masses to 
be explained by any such effect as (d). Further- 
more, if (d) were important, about the same 
discrepancies should exist for all the hydrides, 
whereas Koontz finds®: * for BeH*+/BeD* and 
AgH/AgD considerably smaller deviations 
from mass ratios. This would follow from (b), 
since for both of these molecules L=0. These 
observed small differences would certainly also 
be reduced by consideration of (a), the second 
term in (1) and, in the case of BeH*, effect (c). 
It should be emphasized that the observed B,’s 








are always B,*’s, for the uncoupling terms are 
always at least incipiently present. 

In the calculation of the reduced mass Casi- 
mir’ has shown that it is proper to include the 
masses of the electrons in closed shells with the 
mass of the nucleus. The hydrogen electron, 
however, will be somewhat shared with the 
heavier atom. If BeH in its lowest state has a 
dipole moment as large as that of HCl, some- 
thing like one-fifth of the H electron'® may be 
considered to be associated with the Be atom. 
Adding one-fifth of the mass of an electron to 
that of the Be atom and subtracting it from that 
of the H or D atoms merely reduces p? to the 
value 0.55059, which would not affect our 
conclusions appreciably. 

Accepting the value 1.0081 for the mass of 
the hydrogen atom, that of deuterium should be 
2.01423 according to the mass-spectrograph 
measurements of Bainbridge.'’ These masses 
together with the value 9.011 for Be make 
p*=0.55075. This mass ratio is so much higher 
than the ratio of the corrected B constants as to 
seem quite impossible. The corrected B ratio is 
consistent with the higher value 2.0148 for the 
deuterium mass, as outlined above, but of course 
cannot be used to indicate any exact value for 
this quantity. 

Similar calculations on these ratios may be 
made for AIH/AID. The observed B,* values! 
for the normal 'S state are 6.3962 and 3.3185. 
Correcting for effect (a) from the known A- 
doubling raises these to 6.4040 and 3.3208, 
which have the ratio 0.51855. The anharmonic 
corrections only drop this ratio to 0.51854. 
Taking the mass of the Al atom to be 26.97 and 
the masses of H and D as 1.0081 and 2.0148, 
respectively, as before, p?=0.51835. The dis- 
crepancy between this mass ratio and the ratio 
0.51854 for the B, constants could be accounted 
for if the equilibrium internuclear distance for 
AID were 3.0X10-" cm smaller than for AIH. 
Now the difference between 7, for the two 
molecules as calculated from (2) is 2.6 10-" cm, 
AID having the smaller r,. The effect of the 
second term in (1) could well account for the 


 H. Casimir, Physica 1, 1073 (1934). 

J. D. Hardy, E. F. Barker and D. M. Dennison, 
Phys. Rev. 42, 279 (1932). 

17K. T. Bainbridge, Phys. Rev. 44, 56 (1933). 
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remainder of the discrepancy, and so (d) would 
seem to have little validity. If the mass of 
deuterium is taken as 2.01423 and the other 
masses as before, the reduced mass ratio is 
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0.51849. Again this is considerably higher than 
the B, ratio when the corrections (a), (b) and 
(c) have all been made to the observed B,* 
values. 
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Mass Ratio of the Lithium Isotopes from the Spectrum of Li, 


G. M. Atmy anp G. R. Irwin, Physics Department, University of Illinois 
(Received October 29, 1935) 


It is shown from a study of the 'Z->'> Li, band system 
that the relative masses of the two isotopes of Li as calcu- 
lated from the observed isotope effect in each of the two 
lowest states of Li: is in excellent agreement with the mass 
ratio obtained by other precise methods. Various methods 
of treating the data lead consistently to the conclusion that 
the mass-coefficient p is 1.04077+0.00004 and that the 
mass ratio is 1.16640+0.00016. This result disagrees with 


HE accuracy of the band spectrum method 

of determining the mass ratio of isotopes 
has been called in question by two series of 
investigations. First, a consistent ratio of the 
masses of H? and H! has not been obtained when 
the simple theory of the isotope shift has been 
applied to measurements on various hydrogen 
and hydride band systems. On account of the 
large change of reduced mass in these instances, 
they form a rather special case. Although this 
problem is not yet completely solved, sufficient 
reasons for the discrepancies have been advanced 
from various quarters, by Kronig,' by Dieke? and 
by Holst and Hulthén.* Second, McKellar and 
Jenkins* have found from measurements on the 
blue-green system of Li, bands (II->'Z) that the 
mass coefficient p(=(u/u*)!, where uw is the 
reduced mass of Li? Li? and yu‘ that of Li’ Li®) 
and, therefore, the mass ratio of Li’ to Li® are 
greater by several times the estimated probable 
errors than the corresponding quantities as 
determined by Bainbridge’ who used the mass 


1R. de L. Kronig, Physica 1, 617 (1934). 
2G. H. Dieke, Phys. Rev. 47, 661 (1935). 
3 Holst and Hulthén, Zeits. f. Physik 90, 712 (1934). 
4F. A. Jenkins and A. McKellar, Phys. Rev. 44, 325 
(1933); A. McKellar, Phys. Rev. 44, 155 (1933). 
5K. T. Bainbridge, Phys. Rev. 44, 56 (1933). 





that of McKellar and Jenkins who, from a less extensive 
study of the II" system of Liz, concluded that the 
mass ratio was 1.1678+0.0008, a result which cast suspi- 
cion upon the band spectrum method of determining 
relative atomic masses. There has also been found a small 
but definite electronic isotope shift: »,.‘—v»,= —0.064 
+0.010 cm. 


spectrograph. The latter have been corroborated 
by the recent extremely precise determinations of 
Oliphant, Kempton and Rutherford*® who used 
the data from certain nuclear transformations. 
The comparison is given in Table IV. Since in 
some cases, notably that of oxygen, the mass 
ratio of the isotopes has been determined only 
from the band spectrum, it is worth while to 
examine the apparent discrepancy in the case of 
lithium, by determining spectroscopically the 
mass ratio of Li’ to Li® under the more favorable 
conditions existing in the red band system of Lie. 
This system has been analyzed by Wurm,’ but 
the constants of Li’ Li? were not determined 
with great precision, and the constants of 
Li’ Li® not at all. 

In a recent Letter to the Editor of this 
journal’ we showed that the mass ratio of the Li 
isotopes calculated from the molecular constants 
obtained from a study of the (v’,0) progression of 
the red '—'Z system of Lie was in good agree- 
ment with the mass ratio obtained by other 
methods. Since the most accurate value of p 
came from the vibrational constant , of the 


6M. L. E. Oliphant, A. E. Kempton and Lord Ruther- 
ford, Proc. Roy. Soc. A149, 406 (1935). 
7K. Wurm, Zeits. f. Physik 59, 35 (1929). 
8G. M. Almy and G. R. Irwin, Phys. Rev. 48, 104 (1935). 
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upper 'S state, a state not involved in the 
I'S system, our result did not conflict 
directly with that obtained by McKellar and 
Jenkins. We have since measured the (0,v’’) 
progression of the same system and made the 
calculations of p from the constants of the lower 
state, common to the 'II->'S and 'S->'S systems. 
Again we have found agreement with the value of 
p obtained by other methods; there seems to be 
no question but that, in the case of Lis, the band 
spectrum method leads to the same mass ratio as 
other methods and that the probable error in the 
determination is not much larger than in the 
other methods. 

An accurate calculation of the lower state 
constants has led to the determination, with 
considerable accuracy, of a small but definite 
electronic isotope shift. This point was in doubt 
in our letter. 


ROTATIONAL AND VIBRATIONAL ANALYSIS 


The plates used were photographed in ab- 
sorption in the first order of a 21-foot, 30,000- 
lines per inch, concave grating. The dispersion is 
about 1.3A per mm. The standard lines were iron 
arc, second order. As in the case of the (v’,0) 
progression measurements, all comparator set- 
tings were made by each of two observers, except 
for the (0,4) band which was carefully re- 
measured by the only observer. Since the work on 
the (v’,0) progression showed consistent values of 
wave number among the various exposures, the 
(0,v’’) progression was measured on only one set 
of plates. 

The method followed in the analysis was the 
same as that outlined in our previous letter. The 
first ten or twelve lines in each branch of each 
band were measured, A:F’s were computed and 
corrected for a small D term, and the rotational 
B,’s calculated. By using the relation B,=B, 
—a,(v+4) the best values of B, and a, were 
obtained by least squares. Due weight was given 
to the fact that there were five determinations 
(six in Li? Li’) of By’ made in the analysis of the 
(v’,0) progression. 

The band origins (vp) were calculated with 
reference to each measured line (v), with the 
relation, 


=vot+(B,’+B,")M+(B,'—B,”)M?* 
+2(D’+D")M*, (1) 


where 1/=—K” for P lines, M=K’’+1 for R 
lines. Smoothed values of B, were used, obtained 
from B,=B,—a,(v+}4). Only rough values of the 
D's were necessary on account of the smallness of 
the term in M? for small M; McKellar gives D,”’ 
accurately and we estimated D’ with sufficient 
precision from measurements to large quantum 
numbers on the (3,0) band. In both the (v’,0) and 
(0,v’’) progressions ten to twenty lines free from 
serious blending were used in calculating the 
origin of each band, with the exceptions of the 
(0,0) Li? Li* band where only four good lines were 
available, and the (3,0) bands, where almost 
exact coincidence of the P and R branches occurs 
near the origin. 

The average deviation from the mean of the 
calculated origins was in the case of each band, 
with the exceptions mentioned, less than +0.025 
cm~'. The probable error of a mean origin, then, 
is less than +0.01 cm~. This is, however, a 
statement only of the consistency of the relative 
measurements of wave number within a band, or, 
at most, for one setting of the plate on the 
comparator. Since only one isotopic pair of bands 
were measured at one setting of the plate, and 
since small discrepancies occasionally appeared 
in the calculation of iron lines between standards 
we believe the probable error of an origin to be 
in the neighborhood of +0.02 cm-. This belief is 
supported by the fact that the fluctuations in 
the very small third differences (~0.05 cm=') 
formed on the origins can be smoothed by 


TABLE I. Rotational constants and origins of bands. 





_o » o® > » 7 
By by B,’ B,’ v0 vo" 





0 0.6690 _ 0.4949 §=0.5360 14,020.616 14,018.602 
1 0.6622 0.7166 0.4949 0.53535 13,674.416 13,658.536 
2 0.6552 0.7083 0.4945 0.5365 13,333.403 13,304.049 
3 0.64785 0.7003 0.4953 0.5368 12,997.697 12,955.341 
4 0.6404 0.6918 0.49505 0.5362 12,667.253 12,612.345 

















1,0 0.6696 0.7252 0.4898 0.5305 14,272.950 14,281.113 
2.0 0.6691 0.7248 0.4837 0.5232 14,522.107 14,540.160 
3,0 (0.6681) 0.7248 (0.4767) 0.5179 14,768.148 14,795,822 
4,0 0.6692 0.7240 0.4744 0.5113 15,011,073 15,048.180 
5.0 0.6693 0.7248 0.4687 0.5050 15.250.906 15.297.170 
Be’ =0.67293 Bo” =0.72892 Be! =0.49754 B." =0.53933 
+0.00017 +0.00012 +0.00025 +0.00025 
exe’’ =0.00719 a,’ =0.00823 ae’ =0,00522 ae!” =0.00623 
+0.00007 +0.00005 +0.00008 +0.00008 
p = (Be /Be’}4=1.04077 =p = [Be’" /Be’] # = 1.04114 
+0.00015 +0.0003 


p = lag!” /ae’’] 4 = 1.043 p = [ae’ /ae’] 1 = 1.058 
+0.005 +0.008 


B"]* 0.7302 40.0007 


McK 3 = | —_— = —__—__—_ -_ =]. 2 . 
McKellar: p [=] 0-8721-£.0.0003 = 10422 +0.0006 
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TABLE Ila. Lower state vibrational constants. 
Column (2) contains the best values. 
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TABLE IIb. Upper state vibrational constants. 


(1) (2 3) (4) (1) (2) 3 
Ye" we” = — 0.0063 Ye"we” =—0.0097 yew.” =0 Ye'we’ =0.0039 —yr'we’ = 0.0039 Ye'we’ =0 
ye wel” =—O.0111 ye'we’” =—O.0111 yew” =0  McKetar Ye! we’ = 0.0067 ye! we’ =0.0044 ye we =0 
we” 351.398 351.346+0.017 351.494 351.374 we’ 255.507 255.507-+0.004 255.421 
we" 365.658 365.658+0.021 365.828 365.993 we’ 265.963 265.914+0.015 265.816 
Tele’ 2.583 2.557-0.004 2.630 2.590 | Tew’ 1.597 1.597-0.001 1.561 
2.” ee” 2.768 2.768-+.0.004 2.851 2.844 Te! wel” 1.745 1.7254-0.003 1.685 
Ey +0.010 +0.012 +0.014 E, +0.003 +0.003 +0.013 
Ey +0.015 +0.015 +0.020 E,* +0.010 +0.013 +0.024 
p=we” /we” 1.04058 1.040735 1.04078  1.0416+0.0002 p=we /we 1.04092 1.04073 1.04070 
+0.00008 | +0.00006 
p= [ze wel” /te"wel V2 1.0352 1.0404+0.0011 1.0412 1.048+0.01 | p= [zee /zelwe'] 2 1.0455 1.0394-+.0.0008 1.0387 
ve 14068.316 14068.291+0.020 14068.408 Pe 14068.295 14068.295+-0.006  14068.344 
ve 14068.195 14068.215+0.032  14068.287 ve 14068.196  14068.222+0.023  14068.279 
»'—e —0.121 —0.076+0.038 —0.121 | vi —», —0.099 —0.073+0.024 —0.065 








shifting origins by 0.02 cm“ or less. There may 
still be a small systematic shift throughout the 
spectrum due to the use of second order lines for 
standards. Since differences of wave number are 
used in determining the molecular constants and 
p such a shift could not affect the results. 

The results of the rotational analysis are given 
in Table I. For completeness, some of the results 
of our previous letter are included. The B,’s and 
the origins of each of the twenty bands are listed, 
and the values of B, and a, given below. As 
mentioned above, due weight was given, in the 
calculation of the B.’s and a,’s, to the fact that 
several determinations were made of By,’ and 
B,’'’. The table also contains the values of p 
obtained from the ratios of rotational constants, 
and, on this point, a comparison with McKellar’s 
results for the ground state. 

From the band origins the vibrational con- 
stants may be computed, since, 


vo(v’, v'’) = ve +o’ (0 +2) 
—x-'we' (v' +4)? +y.'w.'(v' +3)? ] 
—[we! (0 +3) — x2." (v" +3)? 
ye!" (0! +4)3]. (2) 
The general method for obtaining the vibrational 
constants of the lower state was to take the 
primed constants from our previous work on the 


(v’,0) progression, insert the origins (vo(v’,v’’)) 
from Table I and to compute »., w,”’, x.’w,’’ and 


yew.’ by least squares. Several variations of 





this method were tried, the results of which are 
given in Table IIa. 

(1) The constants obtained by straight least 
squares with the third degree Eq. (2) are given in 
column (1). This gives values of y,’’‘w,’"" and 
ye’we’ which have a much larger ratio than the 
theoretically correct ratio, p>~1.13. One may, 
however, expect these small constants to be 
correct only as to order of magnitude since the 
small third differences (=6y.,.) formed on the 
origins, though showing a trend, fluctuate even in 
sign. The constants have been tested by com- 
puting the origins with them; the calculated 
probable error E, of a single observed origin for 
each type of molecule is given. E, is equal to 
0.674([rr]/n—q)! where [rr] is the sum of the 
squares of the residuals, ~ the number of 
observations, and g the number of constants 
being determined. 

(2) If one assumes a particular value of y,"’w.”’, 
or ye"w,.'", to be correct and requires the other 
to bear approximately the proper ratio, p*, to it, 
appreciably different constants are obtained. 
Since Loomis and Nusbaum® have made a 
vibrational analysis of the ground state extending 
to v=15, their value of y.’’w.’’(= —0.0097) is 
probably more reliable than that given in column 
(1). Their value bears a sufficiently correct ratio 
to the least squares y’"w,’” to let the latter 
stand. When the observed origins of Li’ Li’ are 


*F. W. Loomis and R. E. Nusbaum, Phys. Rev. 38, 1447 
(1931). 
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corrected by a term, 0.0097 (v’’+4)’, and the 
corrected origins fitted by least squares to the 
second degree equation in (v’’+4), the constants 
in column (2) were obtained. The fit as indicated 
by £,, is almost as good as with the constants in 
column (1). 

(3) As a special case of (2) one may assume 
yew.’ and y,'"w.’" to be negligibly small. 
Column (3) shows the results obtained by fitting 
both’ the Li’ Li? and Li’ Li® to second degree 
equations. 

Now the calculated probable errors, EZ, and 
E,‘, indicate that any of the three sets of 
constants will represent the observed origins 
rather more accurately than one could have 
expected from the estimate of experimental 
probable errors made above (+0.02 cm™ in an 
origin). A choice among them must therefore be 
made on the basis of considerations other than 
goodness of the fit. Since the y.w,’s of column (2) 
satisfy the theoretical condition on their ratio 
and since they agree with an independent 
determination of y,’’w,”, the other vibrational 
constants of column (2) are presumably the best 
values in Table IIa. 

Before discussing the value of p obtained from 
the vibrational constants, we will reconsider the 
data from the (v’,0) progression according to the 
scheme outlined for the (0,v’’) progression. Table 
IId gives in column (1) the results of a straight 
least-squares calculation. Since the fit of the 
Li’ Li? bands to the equation is so surprisingly 
good (Z,= +0.003 cm~), y.""w,” was adjusted to 
yw.’ in column (2) and wo,” and x,'w,” 
recomputed. Column (3) shows the constants 
obtained when the y,’w,’’s are assumed to be 
negligibly small. As in the case of the (0,v’’) 
progression the constants of column (2) represent 
the observed origins practically as well as those of 
column (1) and better than those of column (3). 
Moreover, they satisfy the condition that 
Ve we’ /¥ewe'~ (1.04)? which the constants of 
column (1) do not, and they represent much 
better than column (3) the trend of the third 
differences. Column (2) is therefore the best 
choice. The constants therein do not differ 
significantly from those published in our previous 
report of the (v’,0) progression. The errors given 
in column (2) are probable errors obtained by 
multiplying EZ, and £,‘ by the weight factors 


~ 


wn 


appropriate to each constant. In column (3) the 
errors would be somewhat larger, in column (1) 
some would be slightly smaller. 

The values of p obtained from ratios of 
vibrational constants are also given in Table II. 
The most accurate values of p are obtained from 
the ratios of the w,’s in column (2) and in this 
column the agreement between w,’"/w,”’ and 
we’ /w.' is seen to be excellent. A comparison with 
column (3), however, shows that the assumption 
of any pair of constants yw, and y,‘w,' (at least 
any pair between the limits set in these columns) 
which have approximately the correct ratio will 
lead, in the ratios of the other constants, to 
sensibly the same values of p. The values of p in 
column (1) obtained by using uncritically the 
constants obtained from a least-squares calcula- 
tion with the third-degree equation lie somewhat 
outside the probable errors of column (2), one too 
high, one too low. We believe it may fairly be 
said, however, that the same mass coefficient p 
is obtained from the vibrational analysis of each 
of the two lowest states of Liz and that this 
coefficient is 1.04073+0.00008. 

It should be remarked that if the more 
elaborate expression for the energy of a rotating 
vibrator, developed by Dunham," is used the 
values of the constants are not appreciably 
changed. The correction terms to B, and w, are, 
however, large enough to be important if one 
attempts toevaluate p to seven significant figures, 
instead of six. 

The vibrational analysis also leads to the 
determination of the origin of the two isotopic 
systems and hence to the electronic isotope shift. 
In Table II the origins are given as obtained from 
the least-squares calculation outlined above for 
each of the columns. The difference v,'—v, is 
defined as the electronic shift. Added indication 
of the superiority of the constants of column (2) 
lies in the fact that with these constants both 
progressions extrapolate to practically identical 
values of v, and »v,‘. The mean electronic isotope 
shift is —0.074+0.025 cm." 


107. L. Dunham, Phys. Rev. 41, 721 (1932). 

In our previous account we found »,'>»,. Improved 
constants for the lower state have made possible better 
values of the origins and it is found that »,‘<»,. The 
contradiction then existing between the values of the 
electronic shift as obtained by two methods has thus 
disappeared. 
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ALTERNATIVE CALCULATION OF p AND 
ELECTRONIC SHIFT 


There is an alternative method of determining 
p and the electronic shift which appears to be 
superior to the methods which have been dis- 
cussed. It consists of taking as observed data the 
total isotope shifts of the band origins and 
calculating by least squares the values of p and 
Av, which best fit the data. On the experimental 
side, the advantage of this method is that only 
isotope shifts are involved. The two bands con- 
cerned in one observed datum are measured 
without moving the plate and under nearly 
identical conditions so that an observed shift, 
though a difference of two measured origins, is 
probably correct to +0.02 cm~. The (0,0) and 
probably the (3,0) bands are exceptions. The 
former was omitted but the latter was used in 
this calculation. 

The isotope shift of the origin of the (v’,v’’) 
band may be written, 


Avo(v’, v'”) = Av. +(p—1) 
X {Loe'(v’ +3) — we" (0 +3) J 
—(p+1)[x0'a.' (0 +3)? —x."wel"(v" +3)? ] 
+(e? + pt+1)[ve'we'(v’ +3)8 — yew! (v"” +3)* J}, (3) 


where Av,=v,'—yv, and all of the constants are 
those of Li’ Li’. Writing the quantity in braces 
{V} we have, 


Avo(v’, 0”) /{V} =Av./{V{+(e—-1). (4) 


We wish to obtain Av, and p—1 by least squares. 
This requires that we know { V}. Since it is (e—1), 
rather than p which is the last term in Eq. (4), 
relatively high accuracy in p will be obtained 
without accurate knowledge of the p or the 
constants appearing in { V}. It does not matter, 
for example, which column of constants from 
Table II is used. Actually the constants of 
column (2) were used and {V} rounded to the 
nearest integer ({ V} varies from 200 to 1300). In 
{V}, p was put at 1.04075; 1.041 would have 
done as well. 

The chief assumption made in this calculation 
is the usual one in the theory of the isotope effect, 
that the ratio of each pair of vibrational con- 
stants is a power of p or, more specifically, that, 





TABLE III. Av, and (p—1) from Eq. (3). 





OBSERVED CALCULATED 
SHIFT SHIFT 


BAND vo* — vo Eq. (3) oO-C 





(v’,0) progression: p —1 =0.040810 +0.000010 
Av, =0.0683 +0.0001 cm™ 


—2.014 —2.002 —0.012 


0,0* 

1,0 +8.163 8.159 + .004 
2,0 18.053 18.060 — .007 
3,0 27.674 27.703 — .029 
4,0 37.107 37.093 + .014 
5,0 46.264 46.231 + .031 


(0,»’’) progression: p — 1 = 0.040773 +0.000007 
Ave =0.0542 +0.0001 cm™ 


0,0* — 2.014 — 1.987 —0.027 
0,1 — 15.880 — 15.882 + .002 
0,2 —29.354 —29.341 — .013 
0,3 —42.356 — 42.356 -000 
0,4 —54.908 —54.922 + .014 








* Not used in calculation of constants. 


in Eq. (3), the factor (p—1) has the same value 
for each term within the braces that it is to be 
multiplied into. 

The results of the calculations are given in 
Table III. (ep—1) and Av, as obtained from each 
progression are given as well as the detailed 
comparison of the observed and calculated shifts. 
Alternative calculations were made in one of 
which the observations were weighted approxi- 
mately according to the magnitude of the shift. 
In still another calculation of the (v’0) progres- 
sion, the observations were thus weighted and 
the (3,0) band omitted. In each case the changes 
in (ep—1) and Av, were of the order of magnitude 
of the formally calculated probable errors in 
Table III. 

This method of calculation leads to somewhat 
higher values of p (though within the probable 
errors) than the earlier methods of comparing 
constants individually. The probable errors, as 
judged by internal consistency, of the two values 
of p obtained by the second method are so small 
as to indicate disagreement between these two 
values. This discrepancy can be traced to the 
chief assumption, that in Eq. (3) (p—1) is the 
same factor for all terms in the braces. Actually 
[x.!‘w.!*/x.'w,’ |! was found in Table II to differ 
from w,'*/w.’ by more than the probable errors; 
if this is actually the case Eq. (3) with a common 
(e—1) factor is not strictly applicable. The 
difference of [x,./‘w.'*/x.'w,']! and w,'*/w,' is not 
definite enough to give the argument much 
weight but it may signify that there is a slight 
difference in the potential energy curves of the 
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TABLE IV. Comparison of determinations of mass ratio. 











p mz / me 





McKellar-Jenkins: we’"/we’(1M1) 1.0411+0.0002 1.1678 +0.0008 


Lizspectrum!E—!E: we’/we’ 1.04073 +0.00006 
‘ 


we’ /we’’ 1.040735 0.00008 
[Be"/B.’]* 1.04114 40.0003 
[B.’"/B.’"|* 1.04077 +0.00015 


From isotope shift: (v’,0) 1.040810+0.000010 


(0,0’’) 1.040773 +0.000007 
1.04077 +0.00004 1.16640 +0.000 16 


1.16628 +0.00010 


Band spectrum value: 
Bainbridge (mass spectrograph) 
Oliphant, Kempton and Ruther- 

ford (nuclear transforma- 
tion) 1.16635 +0.00005 











upper state for the two isotopic molecules. Such 
considerations would reduce the weight of the 
calculation of p from data on the upper state, 
especially by the use of Eq. (3). Since the 
constants of the lower state may be similarly but 
less affected one cannot claim to have determined 
p to the accuracy indicated by the consistency of 
the calculations based on Eq. (3). Considering 
the various determinations of p, reviewed in 
Table IV, one may, however, conservatively 
conclude that the band spectrum value of p is 
1.04077 +0.00004. 

The electronic shifts calculated from the two 
progressions by Eq. (3) do not agree within the 
probable errors suggested by internal consistency. 
This discrepancy is associated with the similar 
one found in (p—1). Giving the determinations in 
column (2), Table II some weight, one may 
conclude that Av,=0.064+0.010 cm. This elec- 
tronic shift, though definite, is probably too 
small to be discussed in terms of the incomplete 
theory of electronic shifts in molecular spectra at 
present available. Kronig has pointed out that 
even in the absence of rotation there is in the 
potential energy of = states a term B,L(L+1), 
which, with B,, depends upon the reduced mass. 
For the ground ‘2 state of Lie, arising from 
*S+?S atomic states, ZL must be zero. The excited 
1Y state, however, arises from ?P+2S Li atoms 
and is presumably ---2pe2p0'S for which L=1. 
Hence there should be a difference in the 
electronic energies of the two isotopic molecules 
equal to 2(B,’‘—B,’) or about 0.08 cm=', and the 


~I 
~ 


Li’ Li® state should lie higher. Actually, if one 
assumes the observed shift to be entirely in the 
upper state, the Li’ Li® state lies about 0.06 cm 
lower. But until other small effects (see Kronig) 
on the electronic energy can be calculated, signifi- 
cance can hardly be attached to this discrepancy 
with theory. One must, for example, consider the 
fact that there is an isotope shift of about 0.35 
cm! in the 2P—*S atomic lines of Li,” the Li’ 
lines being of greater frequency. That is to say, 
the products of dissociation of Li’ Li? and Li? Li® 
have an isotope effect several times as large and 
in the same direction as the molecular electronic 
effect. 


Note added to proof, December 6, 1935: Professor F. A. 
Jenkins has informed us of the results of recent measure- 
ments on the 'Z-+'Z system of Li, bands made by him and 
Dr. McKellar for the purpose of testing our conclusion® as 
to the value of p. Their results were reported at the 
Berkeley meeting of the Physical Society, December 20, 
1935. Using the same bands but a different method of 
handling the data they secure values of p : we” /w,’ = 1.04100 
and w,’"/w,'’ = 1.04107, lower than their previous estimates 
from the blue-green system but still higher than our present 
values. The remaining discrepancy is ascribed by them to 
the difference in the methods of handling the data. Their 
method has been described by McKellar.‘ It consists in 
forming differences such as AT’’,,;(K)=R": *"(K’’) 
— Re’. 0'41(K"’) = Pe’. &'"'(K"’)— Pv’. 4K") which are 
equal to AG’’,,;—a,.’’(K’’+ 4)! for not too large K’’. 
From the series of AG’s the vibrational constants are 
obtained. 

To test our data by this method we have formed the 
differences AT’’(K'’) for the (0,0) progressions of the bands 
of both kinds of molecules, added the correction terms 
a,’’(K’’+4)*, using our a,’’s from Table I, to get values of 
AG’’,44. The average AG’’,,4 so obtained is, for each vibra- 
tional interval, exactly equal to the corresponding quantity 
obtained by taking the difference between origins in Table 
I; the greatest discrepancy is less than 0.02 cm™. Hence 
with our data, limited to low K, the two methods should 
give identical values of p, at least in the case of the (0,v’’) 
progression. The small remaining discrepancy in p then 
appears to be due to the fact that Jenkins and McKellar 
make use of lines of larger rotational quantum number 
while we use lines of K <13, which provide ample data for 
exact analysis and which do not involve any complication 
which might arise from rapid rotation of the molecule. 


12H, Schiiler and E. Wurm, Naturwiss. 15, 971 (1927); 
D. ) Hughes, Phys. Rev. 36, 698 (1930); ibid. 38, 857 
(1931). 
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Thermionic Emission from Tungsten and Thoriated Tungsten Filaments 
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(Received October 7, 1935) 


The electron emission from pure and thoriated tungsten 
filaments has been investigated as a function of the 
applied potential over the entire range from a few volts 
retarding to 1400 volts accelerating including careful 
studies at zero field. The filaments were heated with 
pulsating currents from thyratrons to eliminate during the 
measurements any drop in potential along the filament. 
The energy distribution of electrons was found to be 
deficient in slow electrons. An empirical reflection factor 
of R(pz) =exp — p,*/2mw, where w is a constant 3.05 x 10-" 
erg, represents the observed data for all temperatures and 
all states of activation for the thoriated tungsten. Analysis 
shows that there is no disagreement between the new 
results and the experiments of Germer. Zero-field Richard- 
son plots show that the reflection effect alters both the A 


INTRODUCTION | 


HE thermodynamic treatment of Dushman,! 
as well as the Fermi-Sommerfeld? theory of 
metals, yields the equation 


I= (4amek?/h*)T*e—*/T (1) 


for the saturation emission from an ideal emitting 
surface at zero field. The constants m, e, k, and h 
have their usual significance and if values are 
introduced so as to express the current in amp. 
per cm?, this coefficient has the value 120 amp. 
per cm? per degree.? Experiment shows that no 
known emitting surface meets the requirements 
of being an ideal surface. Real surfaces are 
defective in the following respects: (1) The true 
surface area is generally not equal to the apparent 
area. (2) The work function } which would be 
appropriate for a given small area of the surface 
(for example, a single crystal facet) is generally 
not the same over the entire surface used in 
experiment because of defects at crystal bound- 
aries and because evaporation often exposes two 
or more kinds of crystal facets. Surface contami- 
nations produce regions of different work func- 
tions. (3) Real surfaces generally show electron 


1S. Dushman, Phys. Rev. 21, 623 (1923). Original treat- 
ment did not include effect of electron spin which doubles 
the earlier value of 60 amp. per sq. cm per degree. 

2? L. Nordheim, Physik. Zeits. 30, 177 (1929). 
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and 6 of Richardson's equation. The resulting values after 
correcting for reflection are A = 204 and 6 =55,100 for pure 
tungsten. This value of A indicates a negative temperature 
coefficient of the work function of 4.310~5 volt per de- 
gree, which has been verified by an independent experiment. 
New data on the electron emission in accelerating fields 
are given for many states of activation, showing that there 
are large deviations from the Schottky mirror image theory. 
Becker’s patch theory is discussed briefly and a simpler 
strip theory is developed which serves to represent the 
observed data as an empirical result. This analysis shows 
that the patch theory is not suitable to explain the reflec- 
tion effect since it is independent of the state of activation 
of the filament. 


reflection effects. (4) Instead of the true work 
function b, we usually measure another quantity 
bo which may be related to 6 by the equation® 





in 

b=bhot+aT. (2) tu 

; . le 

It is the purpose of this paper to present os 
certain new experimental facts which may be am 
interpreted in terms of these differences between a 
real and ideal emitting surfaces. The method of a 
attack was to study the electron emission as a os 
function of the electric field over the entire ty 
range from a few volts of retarding potential to “ 
over 1400 volts accelerating potential for as wide gr 
a range of temperature as possible and for all al: 
states of activation when using a thoriated 12 
filament. TI 
ELECTRON EMISSION FROM A FILAMENT IN A re 
RETARDING ELECTRIC FIELD 7 
Experimental tubes a 
For accurate measurements of emission in a of 
retarding field or with very low accelerating th 
fields, it is absolutely necessary that there be no na 
drop in potential along the filament being wi 
studied. The filament must be long and the on 
emission must be uniform over the entire length = 
which is able to deliver current to the observing on 
3 Within the accuracy of present day experiments, only We 
these two terms of the power series expansion are needed. wi 
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Fic. 1. Thyratron inverter circuit for heating filament with pulsating current. 


instrument. The tubés used with thoriated 
tungsten filaments contained five tantalum col- 
lectors 1 cm in diameter, concentric with respect 
to the filament. The center collector, 2.5 cm long, 
was well insulated and served to deliver the 
electron current to the electrometer for measure- 
ment. The measuring circuit insured that this 
collector was always at ground potential. The 
two collectors adjacent to this one were 4.5 
cm in length and were always maintained 

ground potential. The two outermost collectors, 
also 4.5 cm in length, were generally maintained 
12 volts negative with respect to the filament. 
This was done in order to suppress all electron 
emission from the ends of the filament which were 
never in the same condition as the middle 
because the temperature was lowered by the 
cooling effect of the leads and because the state 
of activation was very different from that at 
the middle. The filament material used is desig- 
nated by the General Electric Company as “E”’ 
wire containing about one percent ThO, and no 
carbon. The filaments were about 21 cm in 
length and about 2.8 mils in diameter. The upper 
end of the filament was fixed while the lower end 
was held by a tungsten spring made in accordance 
with the information published by Langmuir and 


Blodgett.4 The filament was welded to small 
“chips”’ of tantalum which in turn were welded 
to the supporting connections. Potential leads 
were also welded to these ‘“‘chips’’ so that the 
true over-all potential of the filament could be 
measured accurately by a Leeds and Northrup 
type K potentiometer operated to give a 16-volt 
range instead of the usual maximum of 1 6 volts 
The potential drop over a one-ohm resistance 
served to give an accurate measure of the 
filament current. The temperature of the filament 
was determined from these measurements after 
correction for end losses,> with both the 
Langmuir-Jones® and the Forsythe and Watson’ 
temperature scales. Since these two scales yield 
temperatures which differ by about 3 to 5 
degrees, a temperature was always taken lying 
between the two scales, generally a little nearer 
the F and W value. The temperatures were 
calculated from the functions, according to the 
Langmuir-Jones notation, A/d!, VA!/l and 


‘ Katharine B. Blodgett and I. Langmuir, Rev. Sci. Inst. 
5, 321 (1934). 

57. Langmuir, S. MacLane and K. B. Blodgett, Phys. 
Rev. 35, 478 (1930). 

®*H. A. Jones and I. Langmuir, Gen. Elec. Rev. 30, 310, 
354, 408 (1927). 

7W. E. Forsythe and E. M. Watson, J. Opt. Soc. Am. 
24, 114 (1934). 
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VA/ld. In terms of the resistivity R and the 
total watts W, these are W!/R!, W!R! and W, 
respectively. In computing the final tempera- 
tures, the last two were given greater weight. 
When the filament was heated by pulsating 
current, the temperature was held constant 
within about 0.1 degree by a “photoelectric 
ammeter” which will be described below. 

One of the tubes containing the pure tungsten 
wire (G. E. Co. 218) had only three collectors 
and consequently the results obtained are proba- 
bly less reliable because of the shortness of the 
filament and the fact that impurities might have 
been present near the cool ends of the filament, 
giving an abnormal contribution to the emission. 
Another tube with a tungsten filament had five 
collectors as described above and also 0.6-mil 
potential leads welded directly to the filament at 
a distance far enough from the supporting leads 
so that the cooling effect could be neglected. In 
this tube the filament was not exactly on the 
axis of the collectors at all temperatures and 
therefore the results obtained in this case are 
subject to a little doubt, although calculation 
shows that the effect of noncentering should be of 
secondary importance. 

An extensive outgassing schedule was used in 
every case, lasting between three and five days. 
All metal parts were outgassed before assembly 
and the cylinders were heated many hours at a 
high temperature by induction after the final 
assembly. Oven baking at 450°C was used. 
Before sealing off, two or three magnesium- 
barium getter caps were heated lightly to give a 
deposit of ‘‘getter’’ over the lower end of the 
tube. After heating the getter caps and also the 
seal-off constriction, the collectors were heated 
extensively by electron bombardment just before 
the final seal-off of the tube. Ionization current 
measurements were made by connecting the 
center collector to a potential 22 volts negative 
with respect to the filament and the two adjacent 
collectors to 220 volts positive with respect to the 
filament. The electron current to ion current ratio 
was generally about 10’ to one. Although this 
corresponds to a pressure of about 10-* mm of 
mercury, the fact that the condition of the 
filament would remain very accurately constant 
for weeks at a time without high temperature 
flashing proved that the partial pressure of any 


gas which could contaminate the filament had 
been reduced to a very small fraction of that 
indicated by the ionization current measure- 
ments. Early in the outgassing process the 
filament was heated to at least 3000°K for ten 
seconds and maintained at somewhat lower 
temperatures for some hours to remove the traces 
of impurities which so greatly distort results if 
this is not done. 


Electric circuits 

The filament heating circuit was patterned 
after the one described in a previous publication,® 
which will be referred to below as (PR-I). 
Certain improvements which make for a con- 
siderable increase in accuracy necessitate the 
reproduction of the circuit diagram in its 
modified form. Although one can see by an 
inspection of the diagram the main features, 
some of the others need explanation. 

The galvanometer G gave a continuous indi- 
cation that the heating current was on exactly 
one-half of the time. This was accomplished by 
first adjusting the resistance R, to give the 
correct heating current through the filament 
after which the switch S, was opened so as to 
cause both thyratrons to remain on continuously. 
R: was then adjusted to bring about a ‘“‘static”’ 
balance, as indicated by the galvanometer G. 
The resistances of the two branches of the circuit 
were thus equalized to better than 0.1 percent. 
With switch S,. closed, the 200-cycle oscillator 
input to the grids G; and G, was adjusted to give 
a “dynamic” balance as indicated by the 
galvanometer. After this was done, a check of the 
thermionic current, with an accelerating field 
high enough so that the drop in potential along 
the filament when heated by direct current was 
negligible, showed that the electron current 
delivered with pulsating heating current was 
accurately one-half that observed with d.c. 
heating. 

Because of the fact that dielectrics are never 
perfect, compensation was necessary to eliminate 
the capacity currents which would otherwise flow 
in and out of the collector system because of the 
large changes of potential of the filament with 
respect to the collector as the heating current 


8’ W. B. Nottingham, Phys. Rev. 41, 793 (1932). 
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went on and off. In the extreme cases, this was as 
much as 75 volts. The compensation was ac- 


complished by putting on a retarding potential V 


of about 6 volts, so as to cut off all electron 
emission, after which the ground key was opened 
while the electrometer circuit was arranged for 
the highest sensitivity. If the compensation was 
not correct, a throw to the right or left was 
observed, depending on whether the ground key 
was opened during a heating or nonheating cycle. 
By adjusting rheostat R; and resistance R, this 
throw was eliminated, thus showing perfect 
compensation. 

For the smallest currents the rate of charging a 
condenser was used for the measurement. The 
condensers used were 11.5 10-" farad and 403 
x 10-" farad, the smaller being mounted as part 
of the electrometer, while the latter was a quartz 
insulated 25-plate fixed condenser which also 
served as a standard for calibrating the high 
resistances used when the range of electron 
currents measured was so small that the one 
megohm standard could not be used satis- 
factorily. These condensers permitted the meas- 
urement of currents of 5X10-'* amp. to an 
accuracy of about 2 percent. The electrometer 
sensitivity was 6 mm per millivolt, and it was 
adjusted to be very slightly under-damped with 
a period of about 4 sec. The electrometer was of 
the Compton type of our own design with a 
needle of 2.5 mm radius. 

Resistances between 6 and 5000 megohms were 
made by evaporating platinum in high vacuum 
on the inside of Pyrex bulbs. These, as well as 
wire wound resistances from 100 ohms to one 
megohm, were used for measuring the high 
currents. In every case the resistances were 
shunted by capacities such that the time constant 
CR was of the order of 0.6 sec. This is necessary 
in order that the collector potential remain 
essentially at ground potential as indicated by 
the balance of the electrometer, otherwise the 
collector will go negative with respect to ground 
about half the voltage required to give the 
compensation. 

A General Electric FJ-114 photo-cell was used 
with the “photoelectric ammeter.’’ Since this 
tube changed its sensitivity slowly after changes 
in illumination, it was kept under a constant 
state illumination continuously. The shunting 


resistance R; permitted the use of a constant 
current through the auxiliary filament. The 
output of the photo-cell was measured by a null 
method using an FP-54 amplifier. Thus the zero 
reading of the galvanometer in the plate circuit 
served as a continuous indication of the filament 
temperature. The sensitivity was such that a six 
to ten-cm deflection was produced by a one- 
degree change in temperature of the filament. 
While one galvanometer lamp was used to indi- 
cate the deflection, a second one was used for 
automatic compensation. The image of the 
condensing lens A of the galvanometer lamp was 
brought to focus by the galvanometer lens B on 
a large reading glass lens C fitted with a wedge- 
shaped aperture. This lens focused the image of 
the lamp filament on a FJ-114 photo-cell which 
controlled the plate current of a 56 type vacuum 
tube shunted across the field rheostat of the 
generator. By adjusting the intensity of the 
lamp, the system could be made to compensate 
almost perfectly for all rapid changes in the 
filament heating circuit due to changes in the 
power line voltage or frequency. This continuous 
temperature indication and automatic adjust- 
ment supplemented by manual control was 
absolutely essential for obtaining accurate re- 
sults. Even though the absolute temperature is 
not known to better than two or three degrees, 
the temperature must be maintained constant to 
within a tenth of a degree because the emission 
change with the temperature corresponds to 
between the thirtieth and the fortieth power. 


Experimental results 

The curves of Fig. 2 illustrate in a qualitative 
way the sort of results one obtains for a thoriated 
filament at various states of activation. The 
energy distributions are all alike independent of 
the state of activation, and the contact potential 
shifts with changes in activation in the expected 
way. It is not difficult to determine zero field 
from these data when plotted on a much larger 
scale and fitted by a computed curve as is 
illustrated by Fig. 3. The applied potential at 
zero field is shown on each curve by a short 
vertical mark. Theoretically these zero-field 
points should have fallen on a straight line the 
slope of which is shown by the dotted straight 
line marked ‘‘theory.”’ The fact that these points 
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Fic. 2. Electron energy distributions from a thoriated 
filament for different states of activation. T=1160°K. 
Short vertical lines joined by light weight solid line show 
zero-field points. Dotted line shows theoretical slope of 
zero-field line. Dashed line shows theoretical energy 
distribution for Z= 1.0 computed for cylinders and assum- 
ing no reflection. 


do not fall exactly on the dotted theoretical line 
may be attributed to the rather unfamiliar effect* 
that the work function of a collector as indicated 
by its contact potential increases as a result of 
the flow of a large current of slow electrons. The 
flow of electrons with an energy of 50 electron 
volts or more produces the opposite effect. The 
time required for the collector to recover from 
such effects lasts for some minutes or even hours 
in the case of nickel collectors which have 
received considerable thorium. The time of re- 
covery for clean tantalum collectors is less than 
the time required for measurement. Time lag 
effects have also been observed by Millikan,’ 
Germer,!® Ménch," and Nottingham.” 

It is important to notice that the curves do not 
follow the theoretical energy distribution curve, 
shown by the dashed line of Fig. 2. This is 
calculated assuming that the electrons have a 
Fermi-Dirac distribution within the metal and 
have a transmission coefficient of unity. The 
natural conclusion, of course, is that there is 
some mechanism producing reflection at the 
surface with the result that part of the slow 


*Dr. Irving Langmuir insists that this phenomenon 
should have a name. The author therefore suggests that it 
be called the ‘‘anode effect.” 

®R. A. Millikan, Phys. Rev. 18, 236 (1921). 

10 LL. H. Germer, Phys. Rev. 25, 795 (1925). 

1 Giinther Ménch, Zeits. f. Physik 65, 233 (1930); 
W. Leo, Ann. d. Physik 9, 347 (1931). 

2 W. B. Nottingham, Phys. Rev. 39, 183 (1932). 
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Fic. 3. Composite of electron energy distributions for 
nine states of activation. Circle, Z =0.046; cross, Z =0.25; 
triangle, Z=1.3. Line computed with k/w=4.5X10™. 
Zo=current at zero field. T=1160°K. 


electrons are not emitted. The distributign curve 
(PR-I, Fig. 6), obtained under much less satis- 
factory vacuum conditions, showed even more 
marked deviations from the theoretical curve. 
It is now known that the early results apply to a 
complex composite surface containing probably a 
layer of oxygen underlying the layer of thorium. 
The form of the potential barrier, shown PR-I, 
Fig. 13 and proposed as an explanation of the 
experimental results, seems to be reasonable if 
one recognizes that the “hump’”’ assumed is due 
to the oxygen layer plus the thorium layer and 
not due to a thorium layer alone, as was originally 
thought. If the vacuum conditions are suffi- 


ciently perfect, this “‘post activated state’’!’ is 


13 A thoriated filament may be activated, after the 
proper preliminary heat treatment, at a temperature of 
about 1920°K, for example, and the emission will increase 
as is illustrated in PR-I, Fig. 5. One may refer to the state 
of coverage which gives the maximum emission for strong 
fields as ‘‘f=1.0"’ as proposed by Brattain and Becker 
(Phys. Rev. 43, 428 (1933)), or one may describe the 
coverage as in this paper by a ‘‘Z”’ scale, defining Z= 1.0 as 
that coverage giving the maximum emission at zero field. 
The objection to the ‘‘f” scale is its dependence upon the 
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Fic. 4. Computed energy distributions. 


not produced, and the distribution curves are not 
essentially different from those obtained for pure 
tungsten. 


surface field. With a field of about 6000 volts per cm we find 
f=1.5Z. If the activation is carried on at 1800°K or lower, 
and the time required to produce the various states of acti- 
vation noted, then Z is defined as Z=t/t, where t», is the 
time required to activate to the maximum zero-field emis- 
sion. This assumes that the average rate of arrival of tho- 
rium atoms on the surface is constant and that no evapora- 
tion takes place. These “‘f’”’ or ‘‘Z’’ scales must be recognized 
as temporary. We need a ‘‘@"’ scale which measures the 
true fraction of the surface covered. After having activated 
to a coverage of Z=1 or more, if the vacuum conditions 
are not “perfect,” the emission may increase two- to six- 
fold even though the filament is cold between test readings. 
We have used the term ‘‘post-activation”’ to describe this 
increase in emission. As post-activation progresses, one 
observes that the emission passes through a maximum 
after which the emission decreases indefinitely until it 
practically disappears. A flash for less than a minute at 
1850 not only removes the effect of post-activation, but 
if it has progressed far enough to give the maximum 
emission, practically the entire coating leaves the filament 
and it must be reactivated before even ‘‘normal”’ emission 
is obtained. The filament condition for most of the work 
reported in PR-I corresponded to that state of the filament 
for which the maximum emission occurred with post- 
activation. In the tubes studied for the present investiga- 
tion, the vacuum conditions were so good that no detectable 
post-activation took place in a month's time. 


Fig. 3 serves to illustrate the fact that the form 
of the energy distribution is independent of the 
state of activation. Eighty-five points taken at 
nine different states of activation were used to 
make up this composite curve. The three states 
of activation of particular interest are Z=0.046, 
Z=0.25 and Z=1.3 when considered from the 
standpoint of a patch theory. These points are 
identified by circle, cross and triangle, re- 
spectively. The extent to which these experi- 
mental data deviate from the expected Fermi (or 
Maxwellian) distribution is illustrated in Fig. 4, 
in connection with the theory of reflection which 
follows. 


Theory of collection in a retarding field 

There are two possible mechanisms which 
might produce reflection of electrons at an 
emitting surface. There is the possibility that 
reflection takes place due to the periodic struc- 
ture of the metal lattice and the wave properties 
of electrons. This problem has been treated by 
Nordheim'* and by Frank and Young" by 
approximate methods neglecting any possible 
effect of the crystal lattice with the result that a 
reflection of about 6 percent is expected for low 
energy electrons. As the energy of the emerging 
electrons increases to a number of volts, this 
reflection coefficient decreases very gradually. 
(See Fig. 21.) The nature of the curve is such 
that the effect could not be detected in the energy 
distribution of the electrons and would only show 
up as a five percent decrease in the total emission. 
Such a small effect would be masked by other 
things and therefore the theory could only be 
tested by shooting a beam of very slow electrons 
on the surface. Thus, the quantum theory as 
applied in the approximate form to the problem of 
reflection at the surface of a metal does not show 
promise of explaining the observed fact that the 
energy distribution has a shortage of low energy 
electrons as was seen above. 

A second possibility is that the surface 
inhomogeneities such as work function differ- 
ences between facets of a single crystal might 
produce potential hills of such a nature that 
reflection might be produced. It is a well-known 


‘4. Nordheim, Proc. Roy. Soc. Al21, 626 (1928). 
1 N. H. Frankand L. A. Young, Phys. Rev. 38, 80 (1931). 
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experimental fact that the emission from a 
composite surface such as thoriated tungsten, or 
caesium covered tungsten, changes greatly with 
the accelerating field if the surface is only partly 
covered. Langmuir and Compton'® proposed a 
checkerboard patch theory to account for this 
effect. Becker’? has also applied this sort of 
theory to emission in accelerating fields and has 
pointed out that patches would cause a reflection 
effect. The difficulty with this explanation of 
reflection is that throughout the entire range of 
activation from Z=0.01 to Z=1.4, the energy 
distributions are exactly alike indicating that 
whatever causes the reflection, it is independent 
of the state of activation of the surface. 

Since it is not practical to work with anything 
but a cylindrical or filament type of emitter for 
accurate work, it is necessary to work out the 
method by which observed data taken with 
concentric cylinders can be correctly interpreted 
in terms of a reflection coefficient depending on 
the energy of the electron as it leaves the 
filament. A very simple form of reflection 
coefficient is the exponential type given by 





where w is a constant and p, is the momentum in 
the direction perpendicular to the surface in 
excess of that required to carry the electron to 
infinity when there is no external electrostatic 
field in the space, i.e., with ‘‘zero field.” Thus, as 
the excess momentum approaches zero, the re- 
flection approaches unity, while for large values 
of p, the reflection goes to zero exponentially at 
a rate which depends on w. 

For an electron to arrive at a cylindrical 
collector, it must leave the emitting filament 
with enough radial and tangential momentum to 
overcome the retarding potential. The energy and 
momentum equations yield at once the limiting 
relationship 


p2t+p (1 —r*?/R*)=2meV, (4) 


where p, and p, are the radial and tangen- 
tial momentum components just outside the 
filament, as defined more carefully above. Since 
the collector radius R is generally much larger 
than the filament radius r, Eq. (4) reduces 
simply to p2+p,=2meV. Using the Fermi- 
Sommerfeld theory of metals we can write the 
expression for the emission current received by a 


R(pz) =e7?2*/2mo, (3) cylindrical collector with a retarding potential V. 
2 Pz=teo Py=co Pr=cO 
§=—e—(Wo—W kT f f (1 —e-72*/2m0)(p. /m)e(ve2+ y+ Pe?) /2mkTd » dp dp, (5) 
h8 Pp ==—a@ 


where (W,—W,;)/k is the same as b of Eq. (1). The limits of integration with respect to p, and p, 
exclude the region inside of the semicircle p,2+),7=2meV but otherwise include the region of p, 
from 0 to ~, and of p, from — © to +. The integration of Eq. (5) gives 


i =ioo{G(S) — F(S, kRT/w)}, (6) 


where 


inp = (A4armek?/h*)T2e—( WoW 0 /kT, (7) 


S=v(11,600/7), with v the retarding potential in volts. 


G(S)=(2/V/7)S¥e-8+1-Q/yx) fe Ads, (8) 
0 





F(S, kT /w) =— 
VT 


1 wr'2 (SkT/w)4 2 s} 
| (— —_¢ St sri f ev'dy+1 -—f e as}, (9) 
1 +kT/ Ww kT ‘ 0 \/ tre 0 


With the help of the Jahnke and Emde tables, F(S, kT/w) was computed for various values'® of 
(kT /w) and selected values of S. Table I gives the results of this calculation in sufficient detail 


1K, T. Compton and I. Langmuir, Rev. Mod. Phys. 2, 
123 (1930). 
17 J. A. Becker, Rev. Mod. Phys. 7, 95 (1935). 


18 For SkT/w>4 the form of F(S) given in Eq. (9) is not 
as convenient as the following: 
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TABLE I, Values of F(S, kT/w) for various values of S and kT /w (see Eq. (9)). 

















Ss 0 0.5 1 1.5 2 3 4 5 6 x 10 
kT /w 
0 1.0 8.01! 5.72-! 3.91-! 26.1 11.27? 4.6-? 18.678 7.3873 11.3-4 17-5 
0.06 0.943 7.47 5.25 3.51 23.1 9.5 3.78 14.3 5.62 8.4 11.8 
12 .893 6.98 4.83 3.18 20.5 8.14 3.12 11.7 4.35 6.05 7.9 
20 833 6.41 4.31 2.81 17.7 6.75 2.45 8.85 3.20 3.99 5.00 
40 714 5.30 3.42 2.09 12.6 4.39 1.47 5.00 1.75 1.96 2.33 
.60 .625 4.47 2.75 1.62 9.12 2.69 0.974 3.21 1.00 1.12 1.25 
80 .556 3.86 2.28 1.29 7.23 2.25 .70 2.29 0.66 0.751 0.873 
1.0 .500 3.38 1.90 1.05 5.13 1.73 .538 1.62 502 .578 672 
1.2 455 2.95 1.63 0.872 5.00 1.41 401 1.28 AS 461 552 
1.4 417 2.62 1.40 .739 4.00 1.19 331 1.06 40 386 470 
1.6 385 2.34 1.23 3.37 
2.0 337 1.92 0.959 2.61 0.718 
3.0 .250 1.29 611 1.54 453 .143 
5.0 .167 0.735 .325 0.879 
Note 1. The row for kT/w =0 is G(S) since the first term of Eq. (9) reduces to 2S/%e~5/ ¥ x in the limit. 
Note 2. The superscript at the top of each column indicates the power of ten by which the numbers in that column should be multiplied. 


for interpolation curves to be plotted by the user 
so that the theoretical curves for a limited range 
of values of (kT/w) may be produced readily. 

It was the original intention at the time these 
computations were made simply to ‘‘translate”’ 
observed curves such as those shown in Figs. 2 
and 3 into corresponding transmission or re- 
flection curves. For that reason, a method was 
worked out to evaluate the three constants of the 
following equation 


R(pz) =(1— fem" /2mar fe- Pet /2mn (10) 


and thus make the empirical curve pass through 
three points of the observed curve. Here w; and 
we are constants and f is a constant less than 
unity. All three constants are to be selected best 
to fit the data as an empirical equation. To do 
this, one chooses the three values of S at which 
the experimental and the empirical curves are to 
intersect. The ones selected were S=0, 2 and 6. 
Two curves were made by plotting F(0, RT’ /w) as 


. ' 1 2 _¢* 
F(S, RT /w) = TTF Te 3s (kT wi f(a) 





where a= SkT/w and A=(a/(a—1))}, 


f(a)=[A/a—e~*{ (A +0.312)/a+(A —1.25) 
+(a/2)(A —1)}]. 


A short table of values of 2f(a)/4/x follows. 


a 3 4 5 6 7 
(2/Vx)f(a) 0.403 0.307 0.249 0.205 0.1735 

a 8 9 10 12 14 16 
(2/Vx)f(a) 0.1506 0.133 0.119 0.0986 0.0837 0.0728 


a 18 20 21 24 27 30 
(2/x)f(a) 0.0645 0.0579 0.055 0.0481 0.0426 0.0382 


the abscissa and F(2, kRT/w) as the ordinate for 
one, while F(0, k7'/w) and F(6, kT /w) were used 
for the abscissa and ordinate of the second. Since 
F(S, RT /w) measures the amount the calculated 
curve falls below the Maxwellian curve G(S), the 
experimental values of the deficiency may be 
called E(S) and plotted as points (£(0), E(2)) 
and (£(0), £(6)) on the two graphs described 
above. If a straight line can be found which 
passes through the £ points intersecting the F 
curves so as to give common values of F(0, kT/w,) 
and F(0, kT /we) for the two curves, then two of 
the constants, viz., w; and a, will have been 
determined. If such common values do not exist, 
then the empirical curve cannot be made to pass 
through the three experimental points selected. 
The third constant is given by the equation 


F(0, RT /w:) —Eo 


need _— (11) 
F(0, kT /w:) — F(O, kT/w2) 





When this method was applied to the ex- 
perimental data shown in Fig. 3, the points 
(E(0), E(2)) and (E(0), E(6)) fell exactly on 
their respective lines at a common value of 
F(0, kT /w) thus giving kT /w,;=kT/w: and show- 
ing that the simple one constant expression of 
Eq. (3) represents the experimental data with 
accuracy. The solid line of Fig. 3 is the computed 
curve using k/w=4.5 xX 10~-* degree. This value 
of w is 3.05 X 10-" erg or 0.191 electron volt. The 
three curves of Fig. 4 are computed for the 
temperatures 813°K, 1160°K and 1852°K as 
indicated. 
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Fic. 5. Germer’s data on electron energy distribution for 
T =1830°K. Curve computed with k/w=4.5X10~* deg.“. 
Circles, increasing retarding potentials; crosses, decreasing 
potential. 


All data observed at all states of activation and 
all temperatures using the thoriated filament 
were found to be accurately represented with 
the single reflection constant of (k/w) =4.5 x 10-4 
deg.—'. This same coefficient also represented the 
observed results for pure tungsten filaments 
almost as perfectly. This qualification is neces- 
sary because the fit was not quite perfect and it 
remains to be determined with an improved 
experimental tube whether or not there is a real 
difference in the reflection curve of pure tungsten 
as compared with thoriated tungsten. 

As was stated above, the mechanism for 
producing this reflection is as yet undetermined, 
but the fact that there is a reflection effect seems 
to be established. The work previously quoted as 
the best authority for the fact that electrons are 
emitted with a Maxwellian distribution of 
energies and that no reflection takes place is that 
of Germer.”” 

Fig. 5 is produced here to show that there is no 
conflict between Germer’s data and the reflection 
hypothesis. Here Germer’s experimental points 
are shown and the curve drawn was computed, 


19 LL. H. Germer, Phys. Rev. 25, 795 (1925). 
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using (k/w)=4.510-4. The circles represent 
the observations made with increasing retarding 
potentials, while the crosses correspond to the 
series taken with decreasing retarding potentials. 


Reflection interpreted as excluded areas 


According to the patch theory, which is 
discussed below, we might interpret the reflection 
in terms of a nonuniform transmission of 
electrons as a function of the coordinates of the 
surface. From the observed energy distribution 
data above, it is possible to construct a picture 
which shows essentially the fraction of the surface 
which should be allotted to transmission and 
reflection as a function of the energy. In Fig. 6 
the cross-hatched part indicates a reflection, 
while the remainder represents the transmission. 
Thus, at any specified energy level ¢, a horizontal 
line started at z=0 passes through shaded 
territory for part of its length and nonshaded 
territory for other parts of its length. If we 
consider a segment of such a line of unit length, 
the fraction of it found in the shaded part of 
the figure measures the reflection coefficient, 
while the fraction in the nonshaded part measures 
the transmission. The figure is made up by 
repeating the line given by ¢,=2.3w logy 2/22 
where w=0.191 electron volt, the value shown 
above to fit the experimental data, and z, which 
is directly proportional to the area of the 
excluded region, takes on values between zero 
and 2/2. The distance between adjacent peaks 
is taken as 2 in order to fit in with the patch 
theory discussion below. For an energy of e,=0.2 
electron volt, 35 percent of the surface area 
would be assumed to be nonemitting, according 
to this interpretation. The object in presenting 
this figure is to show the kind of selectivity which 
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Fic. 6. Pictorial representation of reflection and 
transmission properties of a surface. «,=P,*/2m. 








no 


1" 


Ww 
th 
(a 


Ca 


ot 
he 
R: 





nt 
ng 
he 


Is. 


of 


ig 
ig 
h 








THERMIONIC EMISSION FROM TUNGSTEN 87 


a patch theory would have to exhibit in order to 
be consistent with the experimental data. Since 
the analysis below indicates that patch theories 
are not likely to give effects of this kind, it might 
be worth while to investigate theoretically the 
possibility that the surface layer of atoms is 
responsible for the reflection effect in which case 
z) would be the interatomic distance. 


ZERO-FIELD RICHARDSON PLOTS 


Since the entire energy distribution curve can 
be fitted so accurately by a computed curve, 
there is no difficulty in establishing zero field and 
therefore the emission which would have been 
observed in the absence of reflection is easily 
computed. At zero field Eq. (6) reduces to 


1 1 
iomien( 1 -——) = in(——), (12) 
14kT/ T./T+1 


where 7, is defined by T,=w/k and ig is the 
emission which would have been observed at zero 
field with no reflection. Thus, after observing Zo, 
we can compute Zo at once. The zero-field emis- 
sion should be uninfluenced by surface excess 
effects and also patch effects, since these will be 
absorbed in the reflection coefficient if they have 
any influence on the zero-field emission. This 
leaves only the temperature coefficient of the 
work function as an undetermined factor, and 
one may write 


log io (200, '7*) = log io 120 —0.4343a 
~0.4343(bo/T). (13) 


We plot logio (to0/7?) as a function of (1/7) as in 
Fig. 7. 

The slope of the upper straight line gives the 
work function at 0°K as defined by Eq. (2) and 
the intercept or the observed value of logy A 
(according to the usual notation) allows us to 
calculate a@ as 


a=2.3(logio 120 —logio A). (14) 


The lower straight line of Fig. 7 represents the 
observed emission at zero field z. Both curves 
have been plotted to show that in either case the 
Richardson line is straight within the experi- 
mental error. ‘The largest error is in the tempera- 
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Fic. 7. Zero-field Richardson plots for a thoriated fila- 
ment Z =0.67. Upper line includes correction for reflection. 


ture scale and can be reduced only by making an 
accurate scale for the particular filament being 
used. 

The reflection effect not only alters the 
value of A, but also the value of 6. By plotting 
logy (T./7 +1) against 1/7 for a particular 
range of observation, we may find the approxi- 
mate correction to the A and the } brought about 
by the reflection. Richardson plots were made 
like Fig. 7 for Z=0.67, 1.0 and 1.3, but it was 
found impractical to attempt it for values of Z 
less than 0.67 on account of the changes which 
took place in the surface with the time. The 
existence of the effect is illustrated by the curves 
shown in Figs. 8 and 9. The heavy line of Fig. 8 
shows a Schottky plot for Z approximately 0.1 
and a temperature of 1160°K after ten hours 
heating at 1160°K. After heating the filament for 
three minutes at 1435°K, the emission at 100 
volts was observed to have dropped to less than 
half its original value after which it returned to 
“normal”’ in about three hours time at 1160°K. 
The light line of Fig. 8 shows the shape of the 
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Fic. 8. Schottky curves for a thoriated filament. T= 1160. 


curve two minutes after the high temperature 
treatment. Any form of patch theory suggests at 
once that the steady state at 1160°K corresponds 
to a more patchy state than that at 1435°K 
which we chose to call a “‘dispersed”’ state. With 
the patch state we have regions of relatively low 
work function which give a high emission with 
the help of a strong field, but at the same time 
the average dipole moment per unit area of the 
whole filament is actually less in the patch state 
than it is in the dispersed state. This is to be 
expected from Langmuir’s” deductions that there 
is a depolarizing effect of the thorium atoms on 
each other. The emission at zero field is a direct 
measure of the average dipole moment per unit 
area and this has been found experimentally to 
follow the expected course, i.e., as the patch is 
formed the zero-field emission decreases, while the 
strong field emission increases as shown above. 
Fig. 9 shows the change in current with the time 
for the two states of activation Z=0.1 and 
Z=0.21. 

After having produced the dispersed state at 
some relatively bigh temperature, it may be 
maintained for fairly long periods of time if the 
temperature is not raised above 925°K. 

Richardson constants were computed from two 
observations for the values of Z less than 0.67. 
The filament surface was conditioned by main- 
taining it some hours at the highest temperature 
at which zero-field emission was not limited by 
space charge for the higher states of activation* 








207, Langmuir, J. Am. Chem. Soc. 54, 2798 (1932). 
* For low states of activation, 1393°K was selected as 
the maximum temperature. At temperatures much higher 
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Fic. 9. Increase of current with patch formation. 


and then the temperature was dropped to that 
for which the zero-field emission was about 
5X 10-'* amp. At these two temperatures energy 
distribution and Schottky plot data were taken, 
so that the emission at zero field could be de- 
termined accurately. After making the reflection 
correction, Richardson’s A and b were computed. 
The results are summarized by Figs. 10, 11 
and 12. 

There are three important points to notice in 
Fig. 10. First, the observed points fall on a 
smooth curve which is not a straight line, 
showing that the temperature coefficient is not 
directly proportional to the average dipole mo- 
ment (or the work function change) as has often 
been thought to be true from strong field 
measurements. Secondly, the point observed on a 
pure tungsten filament falls very naturally on the 
line as indicated by the double circle. This must 
be taken as provisional, however, because of the 
tube limitations described above. Thirdly, we see 
that the A thus observed is greater than 120, 
which suggests that the temperature coefficient 
of the zero-field work function for pure tungsten 
is negative," contrary to Becker’s® assumptions 
based on strong field data. 


than this, measurable activation took place during the 
time of measurement. 

21P, W. Bridgman in his Thermodynamics of Electrical 
Phenomena in Metals (Macmillan, New York, 1934), p. 
100, shows that if the entropy of the surface charge at 0°K 
is not zero, the effect on the emission would be indistinguish- 
able from a negative temperature coefficient of the work 
function. According to the Fermi-Sommerfeld model for a 
metal, the pressure of an electron gas in equilibrium with a 
metal of work function b=(W.— W;)/k should be 


p= (4amek*/h*)(k/2xm)'? T5!2 exp (—b/T). 


The latent heat per electron 7 as given by the Clapeyron 
equation is related to 6 as follows: 
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work function from zero-field data corrected for reflection 
using k/w=4.5X10~* deg.—1. 
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Fig. 11 shows the relation between logip A and 
Z by the solid line while the dashed line relates 


n=kT?A(In p)/dT =(5/2)kT+kb—kT(0b/0T). 


We recognize (5/2)k as the atomic heat of an ideal gas at 
constant pressure and can therefore write for the slope of 
the Richardson line, 


n—(S/2)kT =no— ¢(T) =kb —kT(0b/8T) 


where no is the latent heat at 0°K and ¢(T) is determined 
by the heat absorbed in the metal due to the specific heat 
of the electrons and of the surface charge. The slope of a 
Richardson line such as that of Fig. 7 1 is constant within 
the experimental error. Therefore ¢(7) is experimentally 
negligible compared to mo. Within these limitations, 
(06/dT) must bea constant independent of the temperature 
andjit follows that kbp =o. The temperature coefficient of 
the work function b may be positive or negative without 
conflicting with thermodynamic relationships. 

2 J. A. Becker and W. H. Brattain, Phys. Rev. 45, 694 
(1934). It should be emphasized that temperature coeffi- 
cients cannot properly be calculated from strong field data 
without detailed knowledge of the surface structure. 
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Fic. 12. Temperature coefficient of the work function as 


computed from log A. 


b to Z. The surprise brought out by this curve is 
that both log A and } pass through a minimum 
at Z=1. It was to be expected that } should pass 
through a minimum for about this coverage, but 
not so for log A. 

These data translated in terms of the tempera- 
ture coefficient of the work function by Eq. (14) 
are illustrated by Fig. 12. 

Here we see that the temperature coefficient 
for pure tungsten seems to be—4.3X10~-* volt 
per degree. The work function thus decreases as 
the temperature increases. D. B. Langmuir has 
investigated this point by a direct experiment 
using an improved Langmuir-Kingdon* method 
over the range of temperature 350°K to 1050°K 
and obtains results which agree in sign and order 
of magnitude with this value. The method in- 
volved the measurement of the contact potential 
of the tungsten filament used as a collector and 
not as an emitter. This result is so important if 
true that we are not satisfied with the present 
experiments and expect to redetermine these 
constants with improved apparatus. 


237. Langmuir and K. H. Kingdon, Phys. Rev. 34, 129 


(1929). 
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ELECTRON EMISSION IN AN ACCELERATING FIELD 


Test of Schottky theory with pure tungsten and 
fully activated thoriated tungsten 


The Schottky mirror image theory*‘ predicts 
that the electron current from a hot filament 
should increase according to the equation 


logio ty =logie io +1.905(f V)!/T, (15) 


where for cylinders f=(r In R/r) with r and R 
the filament and collector radii, respectively. If 
the filament were perfectly smooth and the image 
force the only one acting on the electron at 
distances large compared with interatomic dis- 
tances, then Eq. (15) should be accurate from 
voltages less than 2 X 10-* volt to many thousand 
volts for ordinary sized filaments. The fact that 
the image law applies strictly for an infinite 
plane Lecomes a limitation only for voltages 
between zero and one millivolt. Experiment 
however shows that the current rises as predicted 
by the Schottky theory only for fields higher than 
500 volts per cm. 

According to Eq. (15), if we plot logy ty (iv 
= observed current with the accelerating voltage 
V)* as a function of 11,600V!/T the slope of the 
theoretical line should be 1.64 10~‘f!. We see 
from Fig. 13 that this is true for the higher 
voltages since the straight line drawn with this 
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Fic. 13. Schottky plot for pure tungsten. T=1434°K. 


*% Schottky, Physik. Zeits. 15, 872 (1914). See K. T. 
Compton and I. Langmuir, Rev. Mod. Phys. 2, 123 (1930) 
for short discussion. 

* The applied voltage must be corrected by the contact 
potential to obtain V. 
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Fic. 14. Departure from Schottky line as a function of 
accelerating potential. 


slope fits the experimental points accurately. As 
the field is lowered the departure from the 
Schottky theory becomes more and more marked. 
That this is not an effect due to space charge is 
proven by Fig. 14, in which the departure from 
theory, plotted as a function of the voltage, is 
seen to be greater the lower the temperature. 

Observations taken at 1973°K do show the 
effect of space charge and even those at 1848°K 
are very slightly influenced near zero field. We 
also see that the lower the temperature the 
higher the applied field must be before the 
Schottky line is followed. 

A comparison between Schottky curves ob- 
tained with pure tungsten and those observed 
with thoriated tungsten activated to Z=1.3 
showed them to be very similar at 1218°K 
although the current received by the collector 
was over two million times greater for the 
thoriated filament. The three curves shown by 
Fig. 15 may therefore be considered as part of the 
tungsten family, thus showing quantitatively the 
extent to which observed Schottky curves 
actually deviate from the theoretical line as the 
temperature is lowered. 

In seeking an explanation for these experi- 
mental observations, it seems obvious that there 
are only two possibilities. The first is that the 
transmission properties of a surface considered 
from a wave-mechanical point of view are very 
strongly influenced by a change in the form of the 
potential barrier at the surface. This suggestion 
seems so far fetched that it can perhaps be 
eliminated without further consideration. Grant- 
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Fic. 15. Schottky plots for thoriated tungsten. Z = 1.3. 


ing this, we are forced to the conclusion that 
there must be some electrical forces acting on the 
electrons at distances of the order of 10~* to 10-4 
cm which are Jarger than the mirror image forces. 
If the work function of the surface is not uniform 
but varies perhaps periodically from one crystal 
facet to another, then the contact potential fields 
might give rise to the electric fields which would 
account for the observed effect. Let us call this 
the “patch effect.” 

Two other complicating factors of the problem 
are the effect of field concentration at sharp 
points and the geometrical effect of surface 
excess.”® The first of these would be temperature 
dependent in the direction observed but the fact 
that all experimental curves either fit the 
theoretical curve accurately for high fields or else 
approach it asymptotically is an indication that 
field concentration is of secondary importance in 
this problem. The “‘surface excess”’ effect would 
not be temperature dependent and therefore 
although this might account for a ten to thirty 
percent increase in current as the field is in- 
creased, it is not as important as the “patch 
effect’ as a possible explanation of the experi- 
mental observations. 


The sky-line and the patch theory* 


No patch theory so far proposed can be applied 
to the problem of emission as a function of the 


*% L. Tonks, Phys. Rev. 38, 1030 (1931). 

* Some of the ideas presented here were worked out in 
collaboration with Dr. Irving Langmuir, to whom the 
author is greatly indebted. Part of the terminology there- 
fore follows that of Mott-Smith and Langmuir, Phys. Rev. 
28, 727 (1926) and Langmuir and Compton, Rev. Mod. 
Phys. 3, 191 (1931). 





electric field except in an approximate form. as 
was done by Becker and will also be done below 
in connection with the “‘strip theory.”’ In order to 
demonstrate this, let us consider the problem in 
terms of the statistics of a perfect gas. We 
imagine an infinite conductor essentially in a 
plane and take the Y and Z axes of a coordinate 
system in this plane with the X axis extending 
into space. Designate this plane as the A plane. 
We assume that the work function for electrons 
is independent of y but varies periodically with z. 
Consider also a second conducting plane, known 
as the B plane, parallel to the first at a distance D 
which is very large compared with the funda- 
mental wave-length of work function differences 
in the z direction or the distance between similar 
regions in the first plane. We have “‘zero field”’ in 
the space between these planes when no lines of 
electric force extend from A to B. There will then 
be no net surface charge on either plane. 
Consider the boundaries to be at the tempera- 
ture T and of such work functions that there is no 
net flow of electricity from A to B or B to A. 
The time average of the relative electron densities 
at all points in this space will be governed by the 
Boltzmann equation and furthermore over any 
small region where the change in motive* is 
small, the time average of the energy or the 
velocity distribution will be governed strictly by 
Maxwell's distribution function characterized by 
the temperature 7. The motive must be used in 
the Boltzmann equation because differences in 
motive measure the work per unit charge 
required to move an electron from place to place. 
In the absence of an electric field between A and 
B, the motive will be constant everywhere except 
in the neighborhood of A where it will be the sum 
of the electrostatic potential due to the nonhomo- 
geneous surface and the mirror image potential 
which, of course, does not satisfy Laplace’s 
equation. If the temperature is low, the electrons 


2% J. A. Becker, Rev. Mod. Phys. 7, 95 (1935). 

* The term “motive” has been defined by Langmuir as 
‘“*. . . a scalar quantity whose gradient, in any direction 
at any point, represents the force- component per unit 
charge which acts on an electron or ion.” 1. Langmuir and 
K. H. Kingdon, Proc. Roy. Soc. A107, 61 (1925), see p. 68. 
For an earlier discussion, see I. Langmuir, Trans. Am. Elec. 
Chem. Soc. 29, 125, 157 (1916). P. W. Bridgman, reference 
21, p. 37, uses the term “electric potential” in contrast to 

“electrostatic potential” where the former is the equiva- 
lent of the “motive” while the latter is a potential which 
satisfies Poisson's equation. 
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will be so far apart that one may neglect any 
interaction between electrons, i.e., we may 
disregard space-charge effects. We may imagine 
the phase space as the six-dimensional yu space of 
an ideal gas and focus our attention on a small 
region extending over the coordinates dxdydz at 
(x, y, ) while the extention in momenta may be 
taken as pz, py, p. from — © to +. Since it is 
assumed that the motive is essentially constant 
throughout the volume dxdydz, we may picture 
the momentum space alone, remembering that 
the divisions in this space discussed below are 
determined by the space coordinates x, y, 2. 

Let us classify the electrons, whose repre- 
sentative points are seen in the momentum 
space, as AA electrons, AB electrons, BA 
electrons, or BB electrons, according to their 
trajectories. In the absence of space-charge 
effects there can be no periodic orbits which do 
not intersect planes A or B. It is evident that 
for every AB electron there is a corresponding 
BA electron such that their representative points, 
in the momentum space, lie diametrically oppo- 
site each other. That is, the line joining them will 
always be bisected by the origin. Thus, within the 
confines of a certain extended region in the 
momentum space, we will find all of the AB 
electrons and an exactly similar region will 
contain all of the BA electrons with the bounding 
surface ‘“‘reflected’’ in the origin. All of the 
remaining momentum space will contain the AA 
and the BB electrons. 

The problem of computing the current which 
would flow from electrode A to B could be solved 
if we could find some closed surface in the 
coordinate space between electrodes A and B 
over which we could correctly bound the above 
regions in momentum space and thus compute 
the flux of AB electrons crossing this coordinate 
surface. 

With the system of strips described above, we 
can easily visualize a hill and valley system. The 
motive will be a point function depending only 
on the x and z coordinates. Since we have 
postulated the work function to be a periodic 
function of z, we know that we can represent the 
“surface potential”’ by a series 


2n2 





fo 9) 22 @ 
V(0, z)=>0 a, cos mn —+)D bd, sin n (16) 


n=0 Zo n=0 20 





For the purpose of this discussion, let us take only 
the second term of the first sum, namely, 
a cos 27z/% as the “surface potential.’’ At x>2z) 
the electrostatic potential must be constant and 
may be taken as zero. The potential at any point 
(x, 2) must then be 


V(x, 2) =ae—?*#!*0 cos (242/29). (17) 


since this is a solution to Laplace’s equation and 
fits the boundary conditions. With zero impressed 
field, the motive will then be 


M(x, 2) =ae~?**!*° cos (272/29) —e€/4x. (18) 


Eq. (18) is, of course, not correct for x<10-? cm 
on account of the failure of the image laws, but it 
will serve to bring out certain points to follow. 
Let us now visualize Mo(x, z) as a system of hills 
constructed on the x, z plane with the altitude 
at any point (x, z) equal to M(x, 2). 

The form of this surface as seen by an analysis 
of Eq. (18) has interesting and rather unexpected 
properties. Differentiating with respect to x and 
setting the result equal to zero, we have 


0M ,(x, 2) 2ra 2rz € 
— =0= ——_ cos —e~?*7/4—., (19) 
Ox Zo Zo 4x? 


By substituting «=27x/z) and rearranging, we 


find 
{ (2z9a/me) cos (242/29)}e~*=1/u2=Ae“, (20) 


where A is defined by this equation. If we 
express A in terms of u and set dA/du=0 we see 
that for «=2, A passes through a minimum value 
of e?/4=1.847. This means that if A is less than 
e?/4, Eq. (20) can be satisfied only for u= 
while if A is greater than e?/4 a maximum occurs 
in the motive as we follow a line of constant z at 
some value of x<2)/m7 and a minimum comes at 
Zo/T@<x< om. 

Thus we see that with zero field all electrons at 
distances greater than that to the minimum of 
the motive are accelerated toward the surface A 
for any finite value of a or 2. This analysis brings 
out the fact that even though the “‘patch’”’ fields 
may greatly exceed the image field at inter- 
mediate distances, the image field finally outlasts 
the patch field because the latter falls off 
exponentially with the distance. 
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If we could solve Eq. (19) for x, we would have 
an expression by which we could calculate the 
distance from the plane to the maximum in the 
motive as a function of z for any given values of a 
and z. These values of x and z could then be 
substituted into Eq. (18) and the motive along 
the line of maximum motive could be computed. 
Since the motive is a function of x and z and is 
independent of y we see that by the elimination 
of x between Eqs. (18) and (19) we would have 
M, as a function of z. Let us visualize this as the 
“sky-line”’ of the system of “‘hills’’ as viewed 
from a great distance. This “‘sky-line’’ intersects 
the My=0 contour at x= 20/27 and therefore it is 
seen to shift to x= «© and remain constant at 
M=0 for a distance in z approximately equal to 
2/2 after which the “‘sky-line” again returns to 
x= 29/2. Other contours are intersected at 


x =29/r(1+(8Moso/er+1)!). (21) 


Although all of this discussion has been for the 
case of zero field, it is possible to determine the 
motive along the “‘sky-line”’ for either accelerating 
or retarding fields and it is from these values of 
motive that the emission current is computed 
using the “‘sky-line’’ approximation. According 
to this approximation, we assume that those 
electrons escape which leave the surface at a 
particular value of z with energy p.°/2m greater 
than the sky-line motive at that value of z and 
that electrons with energy less than this do not 
escape. The approximation made by Becker*® in 
his computation is in reality the same as this one. 

The form of the sky-line is shown graphically 
in Fig. 21 for Z=0.25 and Z=1.3. The ordinate is 
determined by z and the abscissa is equal to Mp. 
Some of the electrons included in the current 
calculated by this method are most certainly AA 
and not AB electrons. Other electrons with 
energy enough to escape, given the proper 2 
component of momentum, will be excluded, while 
in reality they are AB electrons. Thus, it is not 
possible to state either the amount or the direc- 
tion of one’s error when the sky-line approxima- 
tion is used. 

There must be a line somewhere over the 
M(x, z) surface at which marbles allowed to roll 
freely from rest go indeterminately either to A 
or to B. Defining this as the ‘‘marble-shed”’ line, 


it will probably be true that practically all 
electrons crossing this line are AB or BA 
electrons. If so, it would be a better approxima- 
tion to compute the flux of electrons across a 
surface so defined but since it would generally be 
too difficult a problem to find the marble-shed 
line, this suggestion serves little purpose. This 
discussion, it is hoped, brings out the difficulties 
in the way of a proper solution to the problem, 
and perhaps shows that we cannot expect to get 
one in the near future. 


THE Strip THEORY WITH ACCELERATING 
FIELDS 


If Becker’s®® ‘‘checker-board” patch theory is 
correct in principle, then a certain amount of 
reflection of slow electrons should be expected, as 
was shown to be experimentally true. It was 
therefore thought desirable to investigate the 
properties of his equations in the retarding 
potential region. A partial examination showed 
that the labor involved would be so great that it 
would be just as easy to work out the simpler 
“strip theory” and then examine its predictions 
instead of those of the checkerboard patch 
theory. It is the purpose of this part to work out 
this theory and make application for both 
accelerating and retarding potentials. 

In the presence of an accelerating field of 
electric intensity E the motive is given by 


M =a cos (2972/2 )e~***/*°—€/4x—Ex. (22) 


Using u and A as above and differentiating with 
respect to u we see that 


OM /du = (re/229)(—Ae~“+1/u? — Ezo?/er®). (23) 


If we set 0dM/du=0, we have an equation 
relating u and E along the sky-line. In principle, 
we must solve this equation for u and substitute 
it into Eq. (22) and thus obtain M¢ as a function 
of E and z along the sky-line. Since this is 
mathematically impractical we can use the 
following equations and method to obtain the 
desired result. 


Mr=a cos (2r2/29)(1+u)e~“—me/Zo:1/u, (24) 


E=en*/2.?u? —(22a/z2o) cos (24z/zo)e~*. (25) 
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To use these equations, one chooses values of u 
for which E has positive values of a magnitude in 
the range of interest. Using these same values of u 
we can compute the corresponding values of Wz. 
In order to compute the current as a function of 
E or E', as is done here, we choose an arbitrary 
value of z and an arbitrary set of values of 
a cos 2742/2. For example, we have taken 2=5 
xX 10-4 cm, a=0.5 volt, and values of z which 
give cos 27z/z the values 1, 0.8, 0.6, 0.4, 0.2, and 
0 and also the negatives of these values. For each 
selection of z a curve was plotted giving Mz asa 
function of E! as computed from Eqs. (24) and 
(25). This step was necessary since it was easier 
to choose arbitrary values of u and find the 
corresponding values of Mg and E than it was 
to take definite values of E and then compute the 
value of My. From the curves, however, the 
desired Mx values for specific values of E! were 
selected. The sky-line curves were then given by 
plotting Mg as a function of z for chosen E} 
values. The current was computed by graphically 
evaluating 


Tr = Io e M 711,600/ Tds. (26) 


ve 


This method of computation is certainly more 
accurate than Becker’s method of sub-squares, 
although in principle they are much alike. The 
constant Jy is of no particular importance since 
it is the change in logy Zz with E} which is of 
interest. We therefore take Jp as unity. 

We notice that Eq. (26) shows that the 
theoretical curves’ approach the slope of the 
mirror image curve for very high fields since in 
this case u=e!r/a%E! and Eq. (26) may be 
approximated by 


(300) e!E}- 11,600 


Ig=I,) exp 
T 


z0 
f exp { —(11,600 a/T) cos (272/29)}dz (27) 
0 


for high values of E. In Eq. (27) E is expressed in 
volts percm. — 

The final check between theory and experi- 
ment was made easy by the use of the curves of 
Fig. 16. Here (logio Je —logi Zs) is plotted as a 




















Fic. 16. Chart for computing Schottky curves for T= 
1160°K, using z9=5X10-*cm. Dotted line, observed results 
for Z=0.25. Dashed line, observed results for Z=1.3. 


function of a as computed with various values of 
E for the temperature 1160°K. The constant Js 
is defined by the following equation: 


Is= ref exp {| —(11,600a/T7) cos (272/20) } dz, 
0 
(28) 


Table II gives logy Zs for enough values of 
11,600 a/T so that an interpolation curve may be 
constructed for J>=unity. 

In order to find an appropriate value of a to fit 
a given experimental curve, we determine the 


TABLE II. Values of logio Is for various values of 11,600 a/T 
(see Eq. (28)). 








11,600 a/T 0.5 1.0 is 20 2.5 5 
logio Is 27 + .102) ©.214 «.365)=.520) =.691 ~=—.865 


0 
11,600 a/T 4.0 
1.0 


logio Is 45 
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Computed and experimental Schottky curves 


A 
25. Dotted lines computed with z=5 X 10~* cm and 
volt. Asymptotic Schottky line shown dashed. 


Fic. 1 
for Z =0. 
a=0.465 


values of (logy i.,—logio is) where logo to» is the 
logarithm of the observed current for the values 
of field specified on Fig. 16. We define logo zs as 
the intercept on the Z'=0 axis of the Schottky 
line to which the observed Schottky curve is 
found to be asymptotic. Such Schottky lines are 
illustrated by Figs. 8, 13 and 15. These values 
(logio 4.6 —logiy is) may be located on the corre- 
sponding EF?! lines as is shown by the circles which 
are joined by a dotted line in Fig. 16. The 
observed data were obtained at 1160°K with the 
filament activated to Z=0.25. For a perfect 
agreement between theory and experiment, this 
line would be straight and follow up a constant 






value of a. On the basis of this curve, however, 
we choose a = 0.465 volt as perhaps the best value 
of a to represent this set of data and read off 
computed values of (logio Jz —logio Js) which are 
plotted as a function of E! to be compared with 
the observed values as shown in Fig. 17. The 
theoretical curve and the experimental one 
certainly have the same general shape and 
intersect at two points as they should, since we 
have two adjustable constants 2 and a. A more 
important test is obtained if we compute the 
curve for a different temperature using the 
constants thus determined from the 1160°K data 
and compare this curve with the observed data. 
This test is also shown in Fig. 17 for here we have 
the observed and computed curves for 929°K and 
Z=0.25 and have used the values of 2 and a 
found most suitable to fit the data observed at 
1160°K. The observed points have been omitted 
from these curves since the accuracy of measure- 
ment was so great that all of the points lie 
accurately on the smooth curves shown. 

Fig. 18 summarizes the observed results for a 
wide range of activation states. The state defined 
by Z=0.25 is thought to be the one for which the 
deviation from the Schottky mirror image theory 
is the greatest. 

Using these methods, we have determined the 
most suitable values of a to represent all of the 
states of activation shown by Fig. 18 and have 


ee ee = a 














Fic. 18. Observed Schottky curves for six states of activation of a thoriated filament at 
T=1160°K. 
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Fic. 19. Dependence of a on the state of activation 
Z compared with Becker’s values of » shown by solid 
and dashed lines respectively. 
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Fic. 20. Computed and observed Schottky plots for 
Z=1.3. 29=5X10- cm and a=0.17 volt. 


plotted a as a function of Z in Fig. 19. Here also 
are plotted Becker’s?® values of u which is the 
corresponding quantity in his patch theory. It is 
interesting to note the rather close sirhilarity of 
the two.curves. 

As was pointed out above, Schottky curves 
obtained with Z=1.3 are very similar to those 
obtained with pure tungsten. It is therefore 
thought desirable to show graphically the com- 
parison between observation and theory for this 
case. Fig. 20 presents the data for the tempera- 
ture 1160°K and 813°K. 

Again the 1160°K data were used to determine 
the value of a which was also used to represent 


the 813°K observations. The agreement as re- . 


gards the temperature effect is thus seen to be 
less satisfactory for Z=1.3 than for Z=0.25. It is 
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Fic. 21. Surface transmission as function of energy. 
Solid line for exponential accurately representing observed 
data. Dotted and dashed lines demanded by strip theory 
for Z=0.25 and Z=1.3. Dot-dash for Frank and Young 
quantum theory. 


even more evident in this case that the computed 
curve approaches the Schottky line too rapidly 
for the high fields. This difficulty could be 
partially removed by choosing a smaller value of 
29 but then the rise for low fields would be entirely 
too slow. 

It is easy to see from these curves that an 
improved theory would introduce narrow regions 
of low work function surface separated by wide 
regions of higher work function surface. This 
could no doubt be worked out by using more 
terms of Eq. (16), but since a new adjustable con- 
stant would come with each term and since there 
is no way yet available to evaluate these inde- 
pendently, it would not be of much value to show 
that the experimental curves could be repre- 
sented very accurately by using a strip or patch 
theory with many terms. 


Influence of strips on retarding potential curves 


From the sky-lines computed, with a=0.46, 
2=5X10-4 and a=0.17, 2=5X10~4, the effect 
on the energy distributions to be expected by 
using retarding potentials was determined. These 
results are best illustrated by curves showing the 
“transmission coefficient” of the surface as a 
function of the energy and comparing it with that 
obtained directly from experiments using re- 
tarding potentials. 

The solid curve of Fig. 21 accurately re- 
presents the observed data for all states of 
activation of the thoriated filament and very 
nearly represents the results for pure tungsten. 
In the case of tungsten, the slight deviations may 
have been due to experimental error as pointed 
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out above. The two curves which result from this 
strip theory are thus seen to be in definite dis- 
agreement with experiment. Again it is not 
difficult to see that with the narrow regions 
(order of 10-5 cm) of low work function sur- 
face separated by wide regions (order of 
510-4 cm) of high work function area, the 
effect of the strips on the retarding potential 
side would be greatly reduced and at the same 
time they would serve to give the large deviations 
from the Schottky theory which have been 
known to exist, especially with composite sur- 
faces. If it is reasonable to suppose that such a 
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theory of strips or patches might give a satis- 
factory explanation for the poor saturation effects 
for accelerating fields without appreciably influ- 
encing the currents predicted as a function of 
retarding potentials, then we must abandon hope 
of explaining the observed reflection effects by 
patches and must look to some ‘‘atomic expla- 
nation” for the excluded areas or the variable 
transmission coefficient. 

I wish to acknowledge my indebtedness to 
Mr. N. B. Reynolds and Mr. J. E. Ryan for their 
careful technical assistance and to my students 
for many helpful discussions. 
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Negative Atomic Hydrogen Ions 


WILLARD H. BENNETT AND Pau F. Darby, Mendenhall Laboratory of Physics, Ohio State University 
(Received October 14, 1935) 


Negative atomic hydrogen ions have been directly observed to exist at the heads of stri- 
ations in discharges in water vapor. The ions appear to form surprisingly readily in these 
regions of high density of slow electrons, but they are lost very easily by collision. 


EGATIVE ions are supposed to exist in 

discharges through gases, as necessary for 
the explanation of the existence of striations! as 
well as for other reasons. They have not been 
observed there directly, but have been detected 
and studied in the past at extremely low currents 
differing greatly from those of the usual kinds of 
discharge through gases. 

In work begun recently at this laboratory, 
negative atomic hydrogen ions have been ob- 
served directly at relatively high densities in the 
heads of striations in discharges through water 
vapor, and some information about their prop- 
erties and behavior in a discharge obtained. The 
results establish that the ions exist at the heads 
of striations at high enough densities to play the 
role assigned them. 


METHOD OF OBSERVATION 
Various forms of discharge in water vapor 
were used as sources. In order to analyze the 


1See Thomson, Conduction of Electricity Through Gases 
(1933), vol. 2, pp. 387ff. 


beams obtained through an aperture in the anode 
of the discharge, an electric lens system was 
used, shown in Fig. 1. The products from the 
source came through a sharp-edged aperture in 
A, 1 mm in diameter, and were accelerated by 
about 1200 volts into B. Approaching C, which 
had an accelerating potential of about 16,000 
volts, the particles were focused, and going from 
C into D they were defocused less, thus producing 
a real image of the source aperture on the 
willemite-covered copper screen, F. The spot 
was observed through a screened narrow slot, 
E, and focused by adjustment of the middle 
electrode on the xylene-alcohol 10-megohm po- 
tential divider. A magnetic field from the 
Helmholtz coils HH deflected the particles 
through a hole in the screen on a collecting 
electrode, G, for measurement. The hole in F 
should be out from the plane of the figure when 
the coils HH are oriented as shown. 

A great advantage of the electric lens system 
used was that when the potential divider was 
set for focus of the slowest electrons emerging 
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Fic. 1. Section of electric lens system. 


through A, the same adjustment focused all 
singly charged particles in the plane of F, 
regardless of mass, and variations of potential 
drop across the potential divider were without 
effect on the focus.” 

Whenever question arose as to whether the gas 
pressure in the tube below A had risen to too 
high a value through use of too high a water- 
vapor pressure in the arc chamber above 4A, 
liquid air could be put on the lower end of the 
tube, freezing out water vapor and greatly 
increasing the pumping speed. This question 
has seldom arisen, but the greatly increased 
pumping speeds so easily available have occa- 
sionally been very convenient in testing this 
point. Water vapor was admitted to the dis- 
charge chamber from a reservoir containing 
water cooled to any temperature desired from 
— 20°C to —45°C at will. 


ARC IN WATER VAPOR 


An arc of the shape shown in Fig. 2 was used 
with all water-vapor pressures from 1 mm down. 


?For a discussion of electron optics, see Bruche and 
Scherzer, Electronenoptik. 
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The cathode, K, was cup-shaped to concentrate 
the discharge towards the axis. The glass funnel, 
S, served further to concentrate the discharge on 
the aperture. Omitting S gave similar results but 
weaker beams of negative ions. A potential of 
2000 volts was applied through a variable re- 
sistance limiting the arc current to 10-50 ma 
while at lower pressures the current fell to less 
than 1 ma before being extinguished. 

Beginning with a high pressure and slowly 
reducing the pressure, it was found that no H 
spot appeared until the discharge had become of 
the “abnormal” type and well-defined striations 
had appeared in S. As the pressure fell, successive 
striations disappeared at the anode, and just as 
each striation disappeared at the anode the H- 
spot faded out and then reappeared, becoming 
most intense just as the next striation had 
become a well-defined positive column in front 
of the anode. The most intense H~ spot was 
obtained when the last striation had become the 
positive column. At this point the pressure was 
roughly 5.10-? mm, the current in the arc was 
10 ma, the voltage on the arc 1800 volts and 
the current in the H~ beam was 2.10-* ampere. 

With further reduction of the pressure, the 
positive column faded out and the H~ beam 
decreased proportionally with the arc current. 

Various shapes and smaller sizes of electrodes 
and tubes were tried, but these all gave smaller 
H~ currents. In all cases, the beam was strongest 
when there was a well-defined positive column 
above the anode without any striations. 
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Fic. 2. (left) Water vapor arc. 
Fic. 3. (right) Form of arc with oxide-coated filament. 
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DISCHARGE WITH FILAMENT CATHODE 


An oxide-coated platinum filament, W (see 
Fig. 3), conditioned in vacuum was used as 
cathode. If enough water vapor was admitted to 
give several striations, the filament was poisoned 
and had to be reconditioned in vacuum. At 
lower vapor pressures, a dense discharge was 
easily obtained at as low a potential as 88 volts 
with the positive column extending nearly to the 
cathode. The current was 50 ma and a more 
intense H~ beam was obtained than with the 
high voltage arc. The gas pressures used here 
were about the same as those used before with 
the arc. 

In this discharge, when the dense discharge 
was first obtained a second ion spot appeared as 
strong as the H~ spot. The mass of this second 
spot was tested for and found to be about 16 or 
18. The resolution of the tube was not sufficient 
to distinguish between masses 16, 17, and 18, 
although quite adequate to identify the H~ ions 
by comparison with electrons. This heavy ion 
beam soon disappeared with operation of the 
tube and could be reproduced only by giving 
the tube a long rest. At no point in the experi- 
ments has a spot with mass 2 been seen although 
such a spot could easily have been detected. 


DISCUSSION 


Negative atomic hydrogen ions were detected 
in Thomson’s early experiments*® in which he 
used a canal-ray tube with the applied field in 
the wrong direction to eject negative ions. That 
they were observed at all suggests that they 
may be remarkably easy to form because they 
had to be formed from high velocity positive 
hydrogen ions by the capture of two electrons in 
the canal. No other process would give the 
negatives the velocity observed, except head-on 
collisions of H+ on molecules containing hydrogen 


5’ Reviewed in Thomson’s Conduction of Electricity 
Through Gases, vol. 1, Chap. 5. 
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and simultaneous retention of an extra electron 
by the recoil hydrogen atom. Hylleraas* has 
calculated the dissociation potential for the 
negative hydrogens as 0.715 volt. Lozier® has 
reported some measurements giving the result 
that H,O vapor can acquire an electron at 6.6 
or 8.8 volts and the resulting HyO~ breaks up to 
give neutral OH and H~- with the recoil of the 
H- having an energy of 1.5 or 3.2 for the two 
association energies, respectively. He found 
further that H~ currents could not be obtained 
as readily in purified hydrogen gas as in the 
water vapor. 

The hypothesis made by Lozier to explain the 
formation of negative hydrogen ions in water 
vapor is supported by several points in our 
observations. The head of the positive column 
and the heads of striations are regions of slowly 
moving electrons necessary for attachment to 
water molecules. Heavy ions (presumably nega- 
tive water ions, although not yet definitely 
identified) appeared sometimes with the negative 
hydrogen ions. The observed ion currents were 
much larger when the luminous part of a 
striation was close to the aperture. The rapidity 
with which the negative ions were otherwise lost 
by collisions necessitates the assumption of a 
high density for their formation. 

It would seem that a negative hydrogen would 
be much more apt to be dissociated by a collision 
with a positive ion than with electrons or 
neutrals, because the attractive force would 
draw the colliding particles nearer to each other 
during a collision when they are oppositely 
charged than when they are not. Thus the use 
of the filament cathode has the advantage of a 
lower positive ion density since the discharge 
does not depend on ionization for the supply of 
electrons. 

The writers wish to express appreciation to 
Professor L. H. Thomas for helpful discussions 
of the problem. 


* Hylleraas, Zeits. f. Physik 63, 291 (1930). 
5 Lozier, Phys. Rev. 36, 1417 (1930). 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important discoveries in physics may be secured by 
addressing them to this department. Closing dates for this department are, for the first issue of the 
month, the twentieth of the preceding month; for the second issue, the fifth of the month. The Board 
of Editors does not hold itself responsible for the opinions expressed by the correspondents. 


Communications should not in general exceed 600 words in length. 


On the Rotation-Vibration Spectrum of Acetylene in the 
Photographic Infrared 


We have reinvestigated the absorption spectrum of C,H, 
in the photographic infrared in order to obtain more in- 
formation about the rotational and vibrational structure of 
this molecule. Using an absorbing length of 16.5 m and 
pressures up to 1.6 atmos., we have found 9 new absorption 
bands and in connection with that have remeasured some 
bands which were formerly incompletely known. Table I 
gives the wave-lengths and the wave numbers of the origins 
of the newly found bands as well as their probable interpre- 
tation following the scheme recently proposed by Herzberg 
and Spinks.! Two very weak bands have been added in 
parentheses, which, because of bad overlapping involve 
some uncertainty. As is well known C:H; is a linear poly- 
atomic molecule. It therefore shows || and | bands de- 
pending on the direction of the oscillations of the dipole 
moment. The || bands have P and R branches only, whereas 
the | bands have in addition one strong Q branch. Three 
of our new bands show Q branches and are therefore 1 
bands. For two of these, however, only the heads of the 
Q branches have been measured so far on account of their 
weakness. The third | band which could be completely 
resolved and measured is rather interesting because from it 
information may be derived about the doubling of the 
degenerate upper state. This, according to theory,’ is ex- 
pected to be similar to the A-type doubling of diatomic 
molecules. We in fact found a slight but definite doubling 
which increases proportionally to J(J+1) as does also 
A-doubling. The difference is that in this case the doubling 
originates not in an electronic but in a vibrational de- 
generacy. 

Two or possibly three of the new bands (9801.7 cm 
12,618.4 cm (11,591.0 cm=!)) do not show the usual 











TABLE I. 
A(A) v(cm™~!) INTERPRETATION TYPE 
11007 9085 vitro testers L Q only 
10924 9151.7 3ni +s il 
10677 9366 2n1 +2+3v4? L Q only 
10202 9801.7 Qve+vs+vs—vs il 
9645 10364.8 vat+2vst+vs L * 
8640 11570.8 2m +22 +7a+¥5 i 
(8625 11591.0 m+3v3+v5 —v5) i 
(8614 11605.0) ? i 
7923 12618.4 vat+3vs+vs—vs i 
7865 12710.7 ri +3v3+2y5 Ti ™ 
7671 13033.3 3va +p iT 
6839 14617.0 vita +3r3 iu 








*The occurrence of this band has previously been noted by K. 
Hedfeld and P. Lueg (Zeits. f. Physik 77, 446 (1932)) but was not meas- 
ured by them. R. Mecke in his report (Hand- and Jahrbuch d. Chem. 
Phys. 9, II (1934)) mentions that it is a 1 band though he, too, gives 
no data. 

* This band has already been found by C. A. Bradley and A. 
McKellar, Phys. Rev. 47, 914 (1935) who have given a slightly different 
origin. 


alternation of intensities. In order to explain this the same 
assumption has been made as was advanced by Herzberg 
and Spinks for the band at 10,410A; namely, that both in 
the upper and in the lower state the transverse vibration 
vs is excited. Then both the upper and the lower states are 
degenerate for zero rotation. If the splitting occurring at 
higher rotations is small then no intensity alternation 
should occur. This is quite analogous to the case of II-II 
transitions of diatomic homonuclear molecules. In order to 
test this assumption we have made exposures with the ab- 
sorption tube imbedded in solid carbon dioxide. At the 
corresponding temperature (—80°C) the percentage of 
molecules excited to the first vibrational state (vs) is greatly 
diminished. In fact we found as is to be expected on the 
above assumption, that the band 10,410A disappeared 
completely, whereas the bands with alternating intensities 
did not change their total intensities. 

The experimental work was carried out at the Physik- 
alisches Institut der Technischen Hochschule Darmstadt, 
Germany. Our thanks are due to the Agfa firm which 
generously supplied us with its excellent new infrared plates. 

Gésta W. FUNKE 

Department of Physics, 

University of Stockholm, Sweden. 
GERHARD HERZBERG 

Department of Physics, 

University of Saskatchewan, Canada, 
December 9, 1935. 


1G. Herzberg and J. W. T. Spinks, Zeits. f. Physik 91, 386 (1934). 
2? Cf. D. M. Dennison, Rev. Mod. Phys. 3, 280 (1931); R. S. Milliken, 
Phys. Rev. 42, 364 (1932). 





Alpha-Particle Yield from Lithium under Proton 
Bombardment 


Cockcroft and Walton,! Henderson,? and Oliphant and 
Rutherford* have studied the yield of 8.5-cm alpha- 
particles from lithium under proton bombardment. The 
results of these studies have been interpreted as indicating 
that the probability of disintegration of Li’ tends to be- 
come constant for proton energies around 400 kv. More 
recently Herb, Parkinson and Kerst‘ have measured the 
yield from both thick and thin films of lithium at voltages 
ranging from 70 to 400 kv. Their results indicate that the 
disintegration probability increases practically uniformly 
between 200 and 400 kv, with no appreciable tendency 
toward a constant value in this range. Further, the thick 
film yield of the latter observers is of the order of ten 
times that reported by Cockcroft and Walton around 
400 kv. Also Hafstad and Tuve,® using thin films, have 
determined the excitation function of the disintegration 
in question at voltages up to above 1000 kv, and found 
that the probability increases continually in the observed 
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range of voltage, but tends to increase less rapidly at the 
higher voltages. 

It is of interest for the theory of the nucleus to know the 
yield also at lower voltages than those covered so far be- 
cause more accurate information can then be obtained 
about the potential inside the nucleus.* Since the data of 
Herb, Parkinson and Kerst are less accurate at the lower 
voltages it was thought worth while to extend observations 
to still lower voltages as well as to repeat them in a region 
overlapping theirs in order to obtain an independent 
determination with a different experimental arrangement. 

Observations have been made of the thick film yield for 
proton energies ranging from 40 to 225 kv. Ions, including 
protons, were obtained from a low voltage hydrogen arc of 
the type described by Tuve, Dahl and Van Atta.’ The high 
voltage was generated by a doubling rectifier circuit of 
the type used by Cockcroft and Walton. The ions were 
drawn from the arc by a small probe, focused by a metal 
cylinder, and then accelerated down a tube consisting of 
four glass sections separated by metal plates. The potential 
adjustment of the focusing cylinder and the potential 
distribution down the accelerating tube were maintained 
by corona leaks. The protons were separated from the other 
ions in the beam by passing them through a magnetic 
field, which after careful plotting and numerical integra- 
tion served also to measure their equivalent voltage. 

The protons were allowed to fall onto a lithium target, 
obtained by evaporation in vacuum onto a small sheet of 
nickel, and placed at an angle of 45° to the beam. The 
alpha-particles were let pass through a mica window into 
an ionization chamber, and then counted by means of a 
linear amplifier, of the type used by Dunning, together 
with a scale-of-four thyratron circuit coupled to a mechan- 
ical counter. The average proton current was measured by 
taking continuous readings on a galvanometer. 

The absolute yields were calculated on the assumption 
of uniform angular distribution of the alpha-particles, and 
are expressed as the total number of alpha-particles per 
impinging proton. The results are shown in the accompany- 
ing figure together with the data of Herb, Parkinson and 
Kerst, both plotted on a logarithmic scale. Except for the 
lowest two points the yield values correspond to observa- 
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tions of from 5000 to 20,000 counts. At the lowest point 
about 90 counts were observed; and at the next point, 
about 900—so that these two points are subject to corre- 
spondingly greater statistical errors. It is seen from Fig. 1 
that, within the limits of experimental error, these data 
are in good agreement with those of Herb, Parkinson and 
Kerst (except for their lowest point at 100 kv, for which 
they do not claim as high accuracy as for the other points). 
The theoretical significance of these data is discussed in an 
article by Ostrofsky, Briet and Johnson.® 
The authors wish to express their thanks to Professor G. 
Breit, at whose instigation this problem was undertaken, 
for his generous interest and advice throughout the 
progress of the work. It is also desired to acknowledge 
indebtedness for grants-in-aid made to G. Breit by the 
Carnegie Institution of Washington and to C. E. Menden- 
hall and G. Breit by the American Philosophical Society, 
which made it possible to carry on this work. 
N. P. HEYDENBURG 
C. T. ZAHN 
L. D. P. Kinc 
Physics Department, 
University of Wisconsin, 
October 26, 1935. 
1J. D. Cockcroft and E. T. S. Walton, Proc. Roy. Soc. A137, 229 
2M. C. Henderson, Phys. Rev. 43, 98 (1933). 
3M. E. Oliphant and Lord Rutherford, Proc. Roy. Soc. Al41, 259 
TR. G. Herb, D. B. Parkinson and D. W. Kerst, Phys. Rev. 48, 118 
(LR. Hafstad and M. A. Tuve, Phys. Rev. 48, 314 (1935). 
* See M. Ostrofsky, G. Breit and D. P. Johnson, this issue. 
(1990). A. Tuve, O. Dahl and C. M. Van Atta, Phys. Rev. 46, 1027 


We are indebted to Dr. Tuve for providing us with detailed specifica- 
tions for the construction of this arc. 





Ionic Dispersion in the Extreme Infrared 


In many respects the following problem resembles that 
of the application of Maxwell's equations to the reflection 
and absorption of infrared radiation by thin metallic 
films, except that in the case of electrolytes the mass of an 
ion is sufficiently greater than the mass of an electron to 
introduce an inertia term. 

Assuming the motion of an ion to satisfy the equation 


Mdv/di+ pv =e&e'', (1) 


where M is the mass of an ion, pv the frictional force and 
e&e* force from the alternating electric field, a charac- 
teristic value is obtained when p=wM. If Stokes’ law of 
friction is applied, the characteristic wave-length, Ao (in u) 
for which the inertia of an ion becomes important is 
given by: 

Ao = 1.65M/nr, (2) 
where r is the radius of an ion (in A) and 7 is the specific 
viscosity of the solution. For electrolytes of KCI and KI, 
AK =48u, Ac} =32u and Ay = 95u. 

In Fig. 1 are shown the absorption coefficients and the 
reflecting powers of water, 3 normal KCI and 4 normal KI 
solutions. These data are chosen as illustrative of ionic 
dispersion and are taken from investigations on different 
concentrations of HCl, LiCl, NaCl, KCl, KBr, Lil, KI, 
ZnI2, H2SOy, MgSO, and KOH. 
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The characteristic wave-lengths for K, Cl, and I ions 
given above were calculated under the assumption that the 
ions were free to move with respect to the water molecules 
surrounding them. A comparison of the curves for KCl 
with those for KI seems to justify this assumption, at least 
for the amplitudes produced by the radiation employed. 
The rigid attachment of water molecules to the ions might 
be expected to change the ratio of M to r in Eq. (2) so 
that the characteristic wave-lengths would not be con- 
sistent with the data shown in the figure. A better criterion 
for deciding if there are water molecules attached to the 
ions is offered by considering the value of the absolute 
absorption as obtained from inserting the above equations 
in Maxwell’s equations. A calculation shows that the ions 
in KCl and KI solutions are free to move with respect to 
the surrounding water molecules. However, in electrolytes 
of LiCl and MgSO, our data indicate that water molecules 
move with the ions. It seems noteworthy that the vis- 
cosities of KCl and KI solutions are practically the same 
as that of pure water while LiCl and MgSO, solutions are 
considerably more viscous. Also electrolytes of Li and Mg 
ions have abnormally small electrical conductivities. 

We conclude that the dispersion of electrolytes in the 
extreme infrared can be pictured classically by considering 
the ions to follow in translation the alternations of electro- 
magnetic waves. The motion of the ions decreases in 
amplitude as the frequency of the radiation increases 
because of their inertia and the friction against the 
neighboring molecules. In electrolytes of KCl and KI, the 
ions seem to move with respect to the water molecules 
except for friction. 

I am indebted to Professor P. Debye, for having kindly 
derived the appropriate equations, and to Professor J. 
Errera, the University of Brussels, the Fonds National 
Belge de la Recherche Scientifique, and C. R. B. Educa- 
tional Foundation for their generous help. 

C. HAWLEY CARTWRIGHT 


University of Michigan, 
November 30, 1935. 
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Exchange Forces and the Structure of the Nucleus 


The forces between elementary particles in the nucleus 
have been supposed to be of three types, which may be 
denoted as Wigner, Heisenberg or Majorana. The Wigner 
forces are of the ordinary kind, not involving exchange; the 
Heisenberg forces involve an exchange of both spin and 
space coordinates; and the Majorana forces involve an ex- 
change of space coordinates alone. 

According to Wigner,! one might account for the large 
neutron-proton scattering cross section by assuming the 
interaction of neutron and proton to depend on the relative 
orientation of the spins. Van Vleck* has suggested that, 
since the Heisenberg forces depend on spin orientation and 
the Majorana forces do not, the interaction could be de- 
scribed by a linear combination of Heisenberg and Majorana 
forces. Feenberg and Knipp’ have shown that such an inter- 
action can give an arbitrarily large scattering cross section, 
provided that the proper linear combination is chosen. It 
does not seem to the present writer, however, that the 
treatment is complete, since there is still another type of 
exchange conceivable, and this is obtained by making a 
Heisenberg exchange and then a Majorana exchange. This 
amounts to interchanging the spin coordinates and not the 
space coordinates. (We could perhaps compare the present 
situation to the interaction of an excited atom with a 
normal atom. Two types of processes occur here, and have 
been denoted by ‘“‘austausch” and ‘‘resonance,” respec- 
tively. The effect due to combination of the two is of the 
same order of magnitude as that of each alone.) The most 
general exchange operator would then include this spin 
exchange term as well as the others. 

In this connection, a rather convenient formalism for 
treating the nucleus as a many-body problem suggests it- 
self. Following Heisenberg,‘ one can suppose all the par- 
ticles in the nucleus to be identical, but just in different 
states. The interaction operator will then be, in this scheme, 
the same for all pairs of particles. If now, we take the result- 
ing wave function for the total system to be a determinant 
wave function, an analysis similar to that of Slater® can be 
carried through. If V(12) is the above interaction operator, 
and if m and m denote space-spin states, while », x denote 
proton, neutron, respectively, then we obtain integrals of 
the type fu*(mvy/1)u*(nmx/2)V(12)u(my/2)u(na/1)dridre. 
Here, particle 1 makes a transition from state m, v to state 
n, x, while particle 2 does the opposite. That is, this integral 
represents a matrix element of the interaction between 
neutron and proton. It may be possible, from the observed 
masses of the light elements, to determine these matrix 
elements. A study of this is now being made, and will be 
reported later. 

I wish to thank Dr. Feenberg for allowing me to see his 
manuscript before publication. 

James H. BartTLett, JR. 

University of Illinois, 

December 14, 1935. 
1 Feenberg and Knipp, Phys. Rev. 48, 906 (1935); footnote 13. 
2 Feenberg and Knipp, Phys. Rev. 48, 906 (1935). 
3 Reference 1, footnote 14. 


4W. Heisenberg, Zeits. f. Physik 77, 1 (1932). 
5 J. C. Slater, Phys. Rev. 34, 1304 (1929). 
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LETTERS TO 


The Velocities of Slow Neutrons 


Further experiments with a mechanical velocity selector! 
have been made on slow neutrons from sources at room 
and liquid-air temperatures. Fig. 1 shows the averaged 
results of the runs at room temperature. The limits of 
probable error are indicated by the vertical lines of lengths 
inversely proportional to the square root of the number of 
counts. The curve shows the experimental results that would 
be expected if the slow neutrons operated upon by the 
selector system have a Maxwellian distribution of velocities 
resulting from thermal equilibrium with the paraffin at its 
temperature of 300°K. The experimental points agree 
fairly well, for this type of measurement, with the calculated 
curve, although they would fit better a curve with 
velocity maximum about 10 percent lower. If this shift is 
significant, then one factor which might account for this 
would be that the maximum of the Li detection region is 
somewhat below the most probable neutron velocity at 
300°K. However, considering the poor resolution of the 
present selector with one to one ratio of slit width to width 
of Cd selector and the limited statistical accuracy on account 
of the small number of slow neutrons passing through the 
selector in comparison with the background effect of the 
fast neutrons, all that can be claimed is that the neutrons 
readily stopped by Cd and detected by Li have a maximum 
intensity in velocity distribution close (within +250 
meters/sec.) to the maximum in a Maxwellian distribution 
at 300°K (about 2500 meters/sec.). 

Experiments in which the source of slow neutrons was a 
paraffin cylinder as before, except that a hole 3 cm in 
diameter was made in the paraffin extending axially 12 cm 
to the Rn-Be neutron source, also showed approximate 
thermal equilibrium in spite of the lack of paraffin in the 
direct beam. A measurement was made of the absorption 
in Cd of neutrons selected from the higher and lower 
velocity portions of the distribution curve. The mean 
velocities of the one group was estimated to differ from that 
of the other by about 10 percent, or 250 meters/sec. No 
difference in absorption by Cd was found, the probable 
error being +3 percent, which is in accord with other ob- 
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Fic. 1. Average results for the velocity distribution of slow neutrons 
from source at room temperature (300°K). 
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from source at liquid-air temperature (90°K). 


servations as to the nonsensitiveness of Cd absorption to 
neutron velocity change. 

The experimental results with neutrons emerging from a 
soft glass Dewar flask containing about 2000 cc of paraffin 
at about 90°K are shown in Fig. 2 by the small circles, and 
the results of another group of runs with the source ar- 
ranged to use only the neutrons emerging from a layer of 
cold paraffin 8 to 10 mm thick are indicated by the crosses. 
The theoretical curves to be expected at 90°K and at 300°K 
are also shown. The resuits are not very precise, but they 
do not appear to show complete thermal equilibrium in 
either case. The points seem to lie more between the two 
curves, while the maximum is not as well defined as at 
300°K, and although it is probably shifted toward lower 
velocities, it is not shifted as far as would be expected for 
90°K. 

While the attempts to show temperature effects with 
artificial radioactive detectors?: * have indicated that thin 
cold layers of paraffin are more effective than thick cold 
paraffin layers, possibly due to increased probability of 
capture in the cold paraffin of neutrons on the slow side of 
the velocity distribution, under our conditions the results 
with Li detection and Cd absorption do not show any 
significant differences between thick and thin layers. It is 
possible that Li detection and Cd absorption are not as 
effective with the very slow neutrons as with those further 
up in the velocity distribution. If so, this might explain the 
failure to observe a velocity distribution appropriate to 
90°K. The number of disintegrations of Li and the absorp- 
tion of Cd show no changes larger than +3 percent with 
the source at 90°K compared to the same source at 300°K. 

G. A. FINK 
J. R. DunninG 
B. PEGRAM 
D. P. MITCHELL 
Pupin Physics Laboratory, 
Columbia University, 
December 14, 1935. 
FP eae Pegram, Fink, Mitchell and Segré, Phys. Rev. 48, 704 


2? Moon and Tillman, Nature 135, 904 (1935). 
3 Lukirsky and Zarewa, Nature 136, 682 (1935). 
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On the Absorption Law for Slow Neutrons 


The theory of the capture of slow neutrons by nuclei, de- 
veloped by Fermi,! Bethe? and Perrin and Elsasser* on the 
basis of a simple model for the neutron-nucleus interaction 
(deep potential hole of radius of the order of magnitude of 
the nuclear radius) shows that, whatever the absolute 
value of the capture cross section may be, it must be in- 
versely proportional to the velocity of the neutron. This 
statement can be expressed in other words by saying that 
the probability of absorption of a slow neutron depends 
only upon the time which the neutron spends in the material. 

However, phenomena of selective absorption observed by 
several experimenters‘ using different absorbers and detec- 
tors suggest that this law does not hold, at least for some of 
the elements investigated. 

In order to test the validity of the 1/v law in a more direct 
way, and also to find out in which direction the possible 
deviations lie, we performed the following experiment. It 
is known already from experiments with a velocity selector® 
that the slow neutrons are approximately in thermal 
equilibrium at room temperature; it must then be possible 
to produce appreciable changes in the absorption by alter- 
ing the relative velocity of the neutrons and the absorber, 
i.e., by moving the latter. We rotated a 50-cm diameter 
steel disk coated with a thin film of cadmium (about 0.02 
mm) at 6000 r.p.m., so that the linear velocity near the 
edge was about 140 meters/sec. A beam of slow neutrons 
was sent through the disk near the edge at an angle of about 
25° with the face of the rotating wheel so that by rotating 
the disk in one direction or the other a large component of 
the velocity of the cadmium was added to or subtracted 
from the velocity of the neutrons. It is clear that under 
these conditions if the 1/v law holds, no change in absorp- 
tion must be found when the direction of rotation is re- 
versed, because the time spent by the neutron in the cad- 
mium sheet is not changed; in other words, the longer or 
shorter effective path is compensated by the change in 
cross section. However, if the cross section does not vary 
inversely as the velocity but follows a different law, then a 
change in absorption should be observed. For instance, if 
the cross section is a constant we must find more absorp- 
tion when the absorber moves against than when it moves 
with the neutrons. 

We found that 8.2+0.8 percent fewer slow neutrons 
came through when the cadmium was moved against than 
when it was moved with the neutrons (about 150,000 par- 
ticles were counted by means of a lithium lined ionization 
chamber). This, under the experimental conditions, corre- 
sponds to a change in absorption coefficient of 6.3 percent. 
If we assume the Maxwellian distribution at room tempera- 
ture for the slow neutrons, and calculate the apparent 
change in absorption coefficient resulting only from the 
changed length of path in cadmium (i.e., we assume the 
cross section to be constant), this turns out to be about 9 
percent, which is not much larger than the observed effect. 

In the case of cadmium we conclude therefore that the 
anticipated 1/v law does not hold, but the cross section 
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varies with the velocity less rapidly than 1/v, and approxi- 
mates constancy. 

However, the same experiment done with silver as an 
absorber, using a disk 0.8 mm thick gave a different result. 
In this case we could detect no change in absorption coeffi- 
cient larger than the statistical fluctuations (by counting 
92,000 particles we found a change of 0.7+0.9 percent). 
The absorption of slow neutrons in silver thus appears to 
follow closely the 1/z law. 

We plan to make similar experiments with boron and 
other elements. 


F. RASETTI 

E. SEGRE 

G. FINK 

J. R. DuNNING 
G. B. PEGRAM 


¥ 


Pupin Physics Laboratories, 
Columbia University, 
December 14, 1935. 


1 Amaldi, d’Agostino, Fermi, Pontecorvo, Rasetti and Segré, Proc. 
Roy. Soc. A149, 522 (1935). 

2 Bethe, Phys. Rev. 47, 747 (1935). 

3 Perrin and Elsasser, Comptes rendus 200, 450 (1935). 

* Moon and Tillman, Nature 135, 904 (1935); Bjerge and Westcott, 
Proc. Roy. Soc. A150, 709 (1935); Arsimovitch, Kourtschatow, Miccovs- 
kii and Palibin, Comptes rendus 200, 2159 (1935); Ridenour and Yost, 
Phys. Rev. 48, 383 (1935), Pontecorvo, Ricerca Scient. VI-II, 145 (1935). 

5 Dunning, Pegram, Fink, Mitchell and Segré, Phys. Rev. 48, 704 
(1935). 


Absorption Bands of Gaseous HI 


Infrared absorption measurements by Czerny' first indi- 
cated the 1+0 band of gaseous HI to be centered at 
2270 cm. Measurements of the same band in Raman effect 
by Salant and Sandow? placed it at 2233 cm. The discrep- 
any was attributed to the difficulty of separating the band 
in absorption from the strong atmospheric band of CO,. 
Recently, Nielsen and Nielsen,’ using an echelette grating, 
have determined the center to be at 2230.08 cm~, in satis- 
factory agreement with the value of Salant and Sandow. In 
view of the importance of establishing the existence or 
absence of any such disagreement as that between the 
original absorption measurement and the Raman effect, it 
seems worth while to report that measurements of the 
centers of both the 1-0 and the 2+0 absorption bands 
have been made in this laboratory by means of a small 
Hilger rocksalt prism spectrometer. The results are 
2260 +30 cm for the fundamental and 4416+75 cm™ for 
the first overtone band. Within the limits of accuracy set by 
the necessarily wide spectroscopic slit widths, these results 
are in satisfactory agreement with the values found by 
Salant and Sandow and by Nielsen and Nielsen for the 
10 band and with that found by the latter authors for 
the 2—0 band. 

D. E. KirKPATRICK 
Washington Square College, 
New York University, 
December 4, 1935. 
M. Czerny, Zeits. f. Physik 44, 235 (1927). 


O. Salant and A. Sandow, Phys. Rev. 37, 373 (1931). 


1 
?E. 
3A. H. Nielsen and H. H. Nielsen, Phys. Rev. 47, 585 (1935). 
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LETTERS TO 


The Infrared Absorption Spectrum of Water and Alcohols 
in Nonpolar Solvents 


The vapor-like behavior of the electric moment of water 
dissolved in carbon tetrachloride and the colligative proper- 
ties of the alcohols dissolved in nonpolar solvents are 
usually regarded as evidence for the existence, in the solu- 
tion, of essentially vapor-like molecules. If this view is 
correct the infrared absorption spectra of water and the 
alcohols dissolved in carbon tetrachloride and carbon 
disulfide should be vapor-like. This point was investigated 
by studying the absorption in the 1.0—-2.5u region of water 
dissolved in carbon disulfide and of some of the alcohols 
dissolved in carbon tetrachloride. Preliminary results are 
shown in Fig. 1. The curves, representing the galvanometer 
deflections as ordinates and wave-lengths in yu as abscissae, 
show A the absorption of a thin cell of liquid water, B the 
absorption of 1 meter of carbon disulfide saturated with 
water at room temperature, C the radiation of the source 
containing the atmospheric water-vapor bands, D the ab- 
sorption of 96 cm of methyl alcohol vapor at room tempera- 
ture, E the absorption of liquid methyl alcohol and F the 
absorption of a solution of methyl alcohol in carbon tetra- 
chloride. The solution and liquid cell lengths were chosen 
in each case so that the radiation traveled through ap- 
proximately the same number of molecules. The bands 
marked W and OH, which occur in approximately these 
positions in all compounds containing the OH group, in- 
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Fic. 1. A, 0.15 mm of water. B, 1 meter of water+carbon disulfide, 
ratio of numbers of molecules, 1 : 300. Water bands marked W. C, In- 
tensity distribution, showing atmospheric water vapor bands. D, 96 cm 
of methyl alcohol vapor. Z, 2 mm of methy! alcohol liquid. F, 4 cm of 
methyl alcohol +carbon tetrachloride, 1 : 7.9. 
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cluding water, with small variations in wave-length, are the 
ones to be noted. Curve C for the liquid alcohol shows the 
characteristic broad OH band of any alcohol at 1.45-1.65,, 
cut by a water vapor band of the atmosphere on its short 
wave-length slope. Curve F shows, among others, a re- 
markably sharp band which appears very near the vapor 
position as shown in Curve D. In this set of curves the fact 
that the OH bands in solution are the sharpest of the three 
states of vapor, liquid and solution is even more apparent 
than in the case of water. Another fact appears significant. 
The bands marked CH which occur in approximately these 
positions whenever carbon-hydrogen groups are present, 
and which therefore are due to vibrations essentially 
characteristic, in the alcohol case, of the methy! group, are 
weak in the vapor and practically unchanged in the passage 
from the liquid to the solution state. 

These observations are in agreement with the view that 
the interaction, whatever its nature, that occurs between 
molecules in the liquid is very much weakened, if not de- 
stroyed, in the solution state. They show also that the 
interaction affects, relatively, only the polar part of the 
molecule, for perhaps the most striking thing in the figure 
is the vast difference between the behavior of the so-called 
“OH” and “CH” bands of the alcohol when dissolved in 
carbon tetrachloride. Whether definite polymers consisting 
of double, triple or multiple molecules exist and produce the 
vapor-liquid differences, or whether indefinite aggregates 
held together by dipole forces which, acting upon a single 
molecule shift and broaden its absorption bands, is an open 
question. 

But whatever view is taken, the existence of violent 
disturbances in the structure of the OH group must be 
recognized. Such disturbances may be due to strong dipole 
interaction between the OH ends of the alcohol, or in the 
case of water between two or more entire molecules, which 
results in the destruction of sharp quantization and the 
consequent production of broad absorption maxima for the 
OH bands, and for these alone. Another type of interaction 
however may be possible. The strong disturbing forces 
which arise may be caused by an interchange of protons 
between the OH groups in the manner postulated by Bernal 
and Fowler’ to account for the high mobility of the H and 
OH ions in water solution. The existence of such a resonance 
phenomenon in liquid water and liquid alcohols in which 
the probability of occurrence would depend upon the 
proximity of neighboring molecules could easily account for 
the destruction of sharp quantization. The diffuse nature of 
the Raman bands in liquid water would also be a conse- 
quence of this interaction. It is evident however that a 
choice between these two views cannot be made at the 
present time. 

Studies of these effects in the 3u region are being made, 
and it is hoped that they may be carried out also under 
high resolving power and dispersion. 

E. L. KINsEY 
J. W. Ex.is 
University of California at Los Angeles, 
November 29, 1935. 
1J. D. Bernal and R. H. Fowler, J. Chem. Phys. 1, 515 (1933). 








